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Abstract 
Fusarium species are common pathogens of cereal crops worldwide and are responsible 
for many diseases including Fusarium root rot (FRR), Fusarium crown rot (FCR), and Fusarium 
head blight (FHB). In recent years, Fusarium mycotoxins, primarily deoxynivalenol (DON), 3-
acetyldeoxynivalenol (3ADON), and 15-acetyldeoxynivaleol (15ADON), have been detected in 
conjunction with wheat straw, a substrate commonly used for livestock bedding. Little is known 
about how or why these mycotoxins are accumulating in the straw, or more importantly, how to 
manage them. With FHB being the predominant Fusarium-associated disease of winter wheat in 
Illinois, management practices associated with the control of FHB were assessed for their 
effectiveness in reducing Fusarium-mycotoxin accumulation in straw. Three studies were 
conducted from 2011 to 2014 to determine the efficacy of fungicides, host resistance, and the use 
of integrated disease management strategies in controlling FHB and the subsequent mycotoxin 
accumulation in the straw. These studies determined that: i) the demethylation inhibitor (DMI) 
fungicides did not provide significant control of mycotoxin accumulation in the straw over non-
treated control plots, but significantly decreased mycotoxin accumulation over the application of 
quinone outside inhibitor (QoI) fungicides; ii) the use of a moderately resistant cultivar offered 
significant control of mycotoxin accumulation in the straw over a susceptible cultivar regardless 
of whether or not a fungicide was applied; iii) the selection of a moderately resistant cultivar 
offers effective control of DON accumulation in the grain and mycotoxin accumulation in the 
straw. Two additional studies investigated the accumulation of Fusarium mycotoxins by straw 
portion and their relationship to the presence of Fusarium graminearum DNA. A field trial and a 
greenhouse trial were conducted using soft red winter wheat cultivars ranging in susceptibility to 
FHB to determine when in the growing season mycotoxins begin accumulating in the straw and 
if mycotoxin accumulation in the straw is related to the presence of F. graminearum DNA. 
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Results indicated that: i) mycotoxin accumulation by 28 DAA significantly differed between the 
top and bottom portion of the stem in the susceptible cultivars; ii) mycotoxin concentrations and 
F. graminearum DNA concentration differed significantly by stem portion based on the point of 
inoculation. The final study was a comprehensive survey of winter wheat roots in Illinois to 
determine the primary Fusarium species present and if these species produce DON, potentially 
contributing to DON accumulation in the straw. Isolates were identified to species using TEF 1-α 
primers specific for Fusarium, and sequences were verified using the Fusarium Multi-Locus 
Sequence Typing (MLST) database. The primary species associated with winter wheat roots was 
F. acuminatum, followed by F. graminearum, F. sporotrichoides, and isolates from the F. 
incarnatum-equiseti species complex. Though not the primary species associated with wheat 
roots in this survey, the recovery of F. graminearum in this study may serve as a means by which 
Fusarium mycotoxins may accumulate in the straw, especially if environmental conditions are 
conducive to infection.  
Results from these studies indicate that the control measures typically used to manage 
Fusarium mycotoxins in wheat grain, primarily the selection of resistant cultivars, may be an 
effective means to reduce mycotoxin accumulation in the straw and that fungal colonization of 
the crown may be related to mycotoxin accumulation in the straw, especially when F. 
graminearum is present as a crown rotting pathogen. 
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CHAPTER 1: LITERATURE REVIEW 
Introduction 
Fusarium species are important pathogens of cereal crops throughout the world. They are 
important not only for their destruction of yield potential, but also for the production of harmful 
mycotoxins that contaminate host tissues. The genus Fusarium was first described by H. F. Link 
in 1809 (Link 1809) and is a part of the phylum Ascomycota in the Kingdom Fungi. The genus 
was first described as consisting of non-septate, fusiform spores borne on stroma, a description 
that was found to be based upon a mixture of Fusarium species, but most associated with what 
was once known as F. roseum (Booth 1971). This species was later redefined and ultimately has 
become F. sambucinum var. sambucinum (Link) Fuckel (1870) (Fuckel 1870; Farr and Rossman 
2016). The genus Fusarium is currently in flux with many species being renamed in addition to 
the naming of several new species in recent years. Economically important diseases of many 
crops are a result of Fusarium infection. 
Most notably, Fusarium head blight (FHB) is an important disease that is attributed to 
Fusarium spp. infecting cereal crops, especially wheat. Observations of this disease were first 
recorded by Smith in 1884 in England (Smith 1884), and this disease is currently distributed 
throughout all wheat growing regions of the world. Fusarium head blight (FHB) is a complex 
disease of wheat that encompasses several different species of Fusarium, but is most commonly 
associated with F. graminearum in North America (Stack and McMullen 1985). This disease is 
ubiquitous throughout all temperate wheat growing regions of the world (Shaner 2003). Many 
species of Fusarium contribute to and interact in the FHB disease complex (Audenaert et al. 
2009). In Europe, 17 different species have been reported  to cause FHB (Bai and Shaner 2004), 
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while up to 27 different species have been reported in eastern Asia (Yang et al. 2008). With a 
large number of species known to contribute to infection, different species distributions are 
primarily the result of climate, crop rotation, and tillage methods. 
The species F. graminearum was first described by Schwabe in 1839 (Schwabe 1839). 
This species is defined by its short phialides and fusiform (or canoe) shaped macroconidia that 
are 3-7 septate with distinct foot cells (Schwabe 1839; Booth 1971). In this species, no 
microconidia are formed. Fusarium graminearum also produces thick-walled chlamydospores to 
survive during the winter months (Booth 1971). This species is also sensitive to rapid heating 
and drying cycles, and therefore does not survive well without residues present (Nelson et al. 
1981). 
Formerly, F. graminearum was taxonomically defined as the anamorph of Gibberella 
zeae [(Schwein.) Petch, Annls Mycol. 34(3): 260 (1936)]. The International Association for Plant 
Taxonomy has recently implemented changes to the international nomenclature system to reflect 
a single name for each fungus using a series of naming guidelines (McNeill et al. 2012). As a 
result, this fungus has changed to be referred to solely as G. zeae. Many scientists are opposed to 
the use of G. zeae because the genus Fusarium, especially F. graminearum, is well established in 
literature worldwide (Geiser et al. 2013). This discussion remains ongoing. For the purpose of 
this dissertation, the name F. graminearum will be used. 
The sexual stage of F. graminearum produces dark purple to black-colored perithecia, 
survival structures, on residues of infected tissues allowing for the survival of the fungus in the 
absence of a living host (Booth 1971). Asci within the perithecia contain eight ascospores that 
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are each 3-septate. This sexual stage is most commonly associated with corn, Zea mays, and 
forms readily on its tissues and residues (Osborne and Stein 2007). 
In North America, FHB is a predominant disease in the primary wheat growing regions, 
the Midwestern United States and across the Canadian prairies (Stack and McMullen 1985; 
Wang and Miller 1988; Miller 1994). Epidemics began in these areas shortly after the 
appearance of the disease in the late 1800s and early 1900s (Maclnnes and Fogelman 1923), 
most notably in 1917, 1919, and 1928 (Shaner 2003). The epidemic of 1917 was a turning point 
for FHB, as it marked the time when it became widely recognized as an important disease of 
wheat, especially in the Midwestern states (Atanasoff 1920). In the decades following, FHB 
became established across the wheat growing areas of North America. 
 
Life Cycle 
Fusarium graminearum overwinters as perithecia in crop residues, especially corn and 
other gramineous crops. Ascospores are produced inside the perithecia and serve as the primary 
inocula for infection. Ascospores can remain present and viable for 2 to 3 years when within 
perithecia (Khonga and Sutton 1988). Ascospores are forcefully discharged from perithecia and 
are disseminated by wind when temperatures dip and relative humidity increases (Paulitz 1996). 
Ascospores may be present in the upper levels of the atmosphere and may allow for long 
distance dispersal from the point of origin (Francl et al. 1999; Maldonado-Ramirez et al. 2005). 
Symptoms of FHB include a water-soaked appearance and premature bleaching of wheat 
heads and, in later stages, develop into pink-, orange-, or salmon-colored sporodochia on the 
glumes (Atanasoff 1920; Booth 1971). Macroconidia, which are the asexual spores produced by 
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the fungus, are produced on sporodochia. It takes approximately 12 days after infection in a 
susceptible crop for the development of fully blighted heads, although symptoms can develop 
earlier (Reis 1990).  
FHB is regarded as monocyclic due to infection primarily occurring at anthesis 
(Anderson 1948). Environmental conditions at this time affect the total amount of FHB that 
develops and the amount of toxins that accumulate (Arthur 1891; Nelson et al. 1981). 
 
Mycotoxins 
Fusarium graminearum is one of several Fusarium species that produces important 
secondary metabolites belonging to the type B trichothecene group of mycotoxins (Desjardins 
2006). Another secondary metabolite produced by F. graminearum called zearalenone is not 
considered a toxin but rather is an estrogenic compound. 
 
Trichothecenes 
The trichothecenes are a group of mycotoxins originally named after the toxins produced 
by and isolated from Trichothecium roseum (Freeman and Morrison 1948). There are four 
different classes of trichothecenes, which are most prevalent of which are type A and type B 
trichothecenes produced by a diverse cross-section of fungi. The type B trichothecenes 
encompass some of the most important toxins produced by Fusarium spp., especially F. 
graminearum. These mycotoxins are especially important in human and animal health as they are 
potent inhibitors of eukaryotic protein synthesis (Cundliffe et al. 1974; McLaughlin et al. 1977). 
These toxins are also resistant to degradation by light and high temperature (Sudakin 2003).  
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In 2002, the genome of F. graminearum was mapped by Jurgenson et al. (2002). This 
work has resulted in a better understanding of the complex biosynthetic pathway responsible for 
trichothecene biosynthesis. Trichothecenes are sesquiterpene epoxides whose biosynthesis 
begins with sesquiterpene cyclization of a trichodiene precursor (Desjardins 2006). This pathway 
results in the synthesis of calonectrin. This pathway then diverges to form either deoxynivalenol 
(DON) or nivalenol (NIV) and their acetylated derivatives. The acetylated derivatives of DON 
are 15-acetyldeoxynivalenol (15ADON) and 3-acetyldeoxynivalenol (3ADON), and the 
acetylated derivative of NIV is 4-acetylnivalenol (4ANIV).  
Several different genes, called TRI genes, were found in the F. graminearum genome, 
and all have been shown to play a role in trichothecene biosynthesis (Desjardins 2006). Some of 
the most important TRI genes are TRI4, TRI5, and TRI6. The TRI4 and TRI6 genes are 
responsible for trichothecene synthesis. TRI6, in particular, was found to be a major transcription 
factor in trichothecene synthesis that binds to various TRI gene promoters (Hohn et al. 1999). 
The removal of TRI4 or TRI6 results in the loss of trichothecene production and the 
accumulation of the trichodiene precursor (Desjardins 2006). The TRI5 gene, also known as the 
trichodiene synthase gene, is the most important gene that has been discovered and is flanked by 
many other trichothecene genes. It is responsible for the production of the trichodiene precursor 
that is used in the trichothecene biochemical pathway. When this gene is disrupted, no 
trichothecene production can occur (Proctor et al. 1995; Trapp et al. 1998; Royer et al. 1999). 
Recent research by Merhej et al. (2012) has also indicated that there is a potential velvet gene 
(veFg) that may act as a primary regulator of trichothecene biosynthesis. This gene appears to be 
activated by environmental conditions. 
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These mycotoxins have all been associated with FHB and are the most economically 
important type B trichothecenes produced by F. graminearum. DON is especially important as 
both a virulence factor and a pathogenicity factor in that it promotes initial infection by the 
fungus and its spread through host tissue (Proctor et al. 1995; Desjardins et al. 1996; Bai et al. 
2002). What makes it a virulence factor is DON’s ability to inhibit the activation of defense 
response genes that could otherwise prevent the spread of infection within the plant (Desjardins 
2006).  
Research has shown that the accumulation of DON is positively correlated to the amount 
of F. graminearum-infested plant residue present in the soil and at the soil surface (Dill-Macky 
and Jones 2000; Maiorano et al. 2008) and to rainfall during anthesis (Audenaert et al. 2009). 
High DON levels in wheat grains can be a significant issue in Illinois because of reduced-tillage 
practices and the common occurrence of corn residues in the region. During the 2014 growing 
season, high DON concentrations in grain resulted in significant grain price reductions at grain 
elevators throughout Illinois (Carl Bradley, personal communication). 
Trichothecene-producing Fusarium isolates can be categorized into classes by the 
primary mycotoxin (and one of its derivatives) produced, called chemotypes. The chemotypes 
most commonly associated with FHB are 15ADON, 3ADON, and NIV. The 15ADON 
chemotype is the most common chemotype of F. graminearum in North America (Miller et al. 
1983; von der Ohe et al. 2010). In recent years, 3ADON isolates of F. graminearum have been 
reported in North America (Ward et al. 2008; Schmale et al. 2011). The 3ADON chemotype is 
reported to produce at least twice the amount of DON compared to the 15ADON chemotype 
(von der Ohe et al. 2010). The distribution of the 3ADON chemotype is widespread across the 
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Canadian prairies and the Red River Valley of Minnesota and North Dakota (Gale et al. 2007; 
Guo et al. 2008; Ward et al. 2008; Puri and Zhong 2010). It has also been found in New York 
and in many states along the East Coast (Schmale et al. 2011; Kuhnem et al. 2015). Though the 
15ADON chemotype is the dominant chemotype present in North America, the introduction of 
3ADON chemotype isolates brings with it cause for concern in cereal production. 
NIV is another mycotoxin that is produced by some isolates of F. graminearum. It was 
first discovered and isolated in 1968 from grain infected with F. nivale (now F. kyushense) 
(Bamburg et al. 1968; Tatsuno et al. 1968). It can occur concurrently with DON and has been 
found to have similar properties, though it is much more potent (Forsell and Pestka 1985; Ueno 
and Ishii 1985; Jelinek et al. 1988). This mycotoxin has been linked to akakabi-byo, or red mold 
disease, of humans in parts of southeastern Asia and the symptoms are characterized by 
vomiting, abdominal pain, and anorexia (Yoshizawa 1983; Marasas et al. 1984). Generally, NIV-
producing isolates of F. graminearum are present at higher elevations in areas of eastern Asia, 
most commonly in China and Japan (Desjardins 2006). NIV-producing isolates of F. 
graminearum have recently been reported in Louisiana (Gale et al. 2011) and North Carolina 
(Schmale et al. 2011). 
 
Zearalenone 
Zearalenone (ZEA) found in infected grains is of particular importance. It is an 
ergosterol-like mycotoxin that is produced by F. graminearum, is similar to steroidal hormones, 
and binds to estrogen receptors (Hidy et al. 1977; Kuiper-Goodman et al. 1987; Kuiper et al. 
1998; Hagler et al. 2001). ZEA was discovered in 1966 (Urry et al. 1966) and was named after 
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the pathogen from which it was first isolated, G. zeae. ZEA can bind to cystolic estrogen 
receptors initiating estrogenic responses, thereby disrupting hormonal controls (McLachlan 
1993). Two polyketide synthases are required for its biosynthesis by F. graminearum (Desjardins 
2006). Originally, ZEA was measured by thin layer chromatography, which does not always 
allow for an accurate measurement of total ZEA. Over time, high performance liquid 
chromatography has proven to give more accurate measurements of ZEA concentrations in 
contaminated tissues. This increase in the accuracy of ZEA testing can allow for a better 
understanding of ZEA and its impact on cereal crops. 
Though important, ZEA is infrequently isolated in most countries (Furlong et al. 1995; 
Piñeiro 1997; Scott 1997). Estrogenic syndromes have been recorded for decades as related to 
ZEA production starting in the 1950s and 1960s from field-infested grain (McErlean 1952; Hidy 
et al. 1977; Marasas et al. 1984). This syndrome was reproduced in swine by using pure cultures 
of F. graminearum in several studies in the 1960s (Stob et al. 1962; Christensen et al. 1965). In 
another study, it was also linked to premature abortions in swine (Mirocha et al. 1967). There 
have been no deaths associated with this mycotoxin, and it is not considered carcinogenic 
(Gichner 1995). Though ZEA can impact vital biological processes, it is generally not considered 
to be very toxic. Therefore, it may not be appropriately named as a mycotoxin (Hagler et al. 
2001; Bennett and Klich 2003).  
 
Regulations 
The need for regulation of Fusarium mycotoxins became abundantly clear in the early 
1980s after several FHB epidemics prompting the United States Food and Drug Administration 
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(FDA) to create a set of regulations for Fusarium infested grain (Anonymous 1982). These 
regulations included a limit of 1 ppm of DON in finished grain products, a limit of 2 ppm of 
DON in grain prior to the milling process, and a limit of 4 ppm of DON in grain intended for 
animal feed. After several years, these limits were found to be stricter than necessary, and a 
change in regulation followed a nationwide epidemic in 1993 (Anonymous 1993). Regulations 
remained at 1 ppm of DON for finished wheat products, but changed greatly for the milling 
process. Regulation originally stated that products entering the milling process were required to 
be limited to 2 ppm or less but was amended to state that only the end product must be at 1 ppm 
or less. Regulations for mycotoxin levels were also changed for all animal feed. They were 
changed to 10 ppm of DON for beef cattle, ruminant animals, and chickens (not to exceed 50% 
of their total diet), 5 ppm of DON for swine (not to exceed 20% of their diets), and 5 ppm of 
DON for all other animals (not to exceed 40% of their total diets) (Trucksess et al. 1994). 
Currently, DON is regulated by the FDA and cannot be present in processed grain in rates higher 
than 1 ppm if the grain is intended to be used for human consumption (U.S. Department of 
Health and Human Services: Food and Drug Administration 2010). The acetylated derivatives of 
DON (3ADON and 15ADON) are not currently regulated in the United States or in Europe 
(Rohweder et al. 2013). 
Zearalenone is not regulated because it is not considered to be a large threat to the grain 
supply. This mycotoxin is produced at very low rates and is generally not detected often in the 
grain supply (Hagler et al. 2001). Unless it starts to be found more regularly and at higher 
concentrations in harvested grain, regulations will likely not be implemented. 
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Control 
Several different control techniques are known to minimize FHB and its associated 
mycotoxins. Most notably, fungicide applications and the use of resistant cultivars have been 
found to be the most effective means to control FHB damage and DON production (Bai and 
Shaner 2004; McMullen et al. 2008; Gilbert and Tekauz 2011; Reis and Carmona 2013). 
 
Fungicides 
For many fungal plant pathogens that are responsible for significant yield loss, fungicide 
applications are a means by which they can be controlled. For FHB especially, fungicides can be 
a pivotal part of an effective management plan. The use of fungicides for FHB management 
requires effective and timely applications for maximum efficacy.  
Since F. graminearum infection primarily takes place at anthesis, it is recommended that 
fungicide applications are timed at Feekes growth stage 10.5.1, or anthesis, to inhibit the initial 
onset of disease and minimize yield losses due to mycotoxins and damaged grains. It has been 
reported that, if not timed appropriately, fungicides will not effectively control FHB and may 
result in higher DON concentrations (Audenaert et al. 2011). In contrast, it has been reported that 
fungicide applications as late as six days after anthesis can be effective, but this application time 
is beyond the labeled preharvest interval, allowing for the potential presence of chemical 
residues at time of harvest (Yoshida et al. 2012; D’Angelo et al. 2014).  
The main goals of fungicide application are to reduce FHB incidence and severity and to 
reduce concentration of accumulated mycotoxins. Work by Wegulo et al. (2011) found that there 
is a strong linear relationship between DON and FHB. Many other studies have also concluded 
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that, if the visual signs and symptoms of FHB are reduced, there is a resulting decrease in DON 
concentration (Mesterházy 1997; Mesterházy et al. 1999; Bai et al. 2001). Fungicides have 
historically been effective at reducing visual signs and symptoms of infection, which often 
correlate to decreased DON concentrations. 
The demethylation inhibitor (DMI) class of fungicides was first developed in 1973 with 
the chemical triadimefon (Morton and Staub 2008). This class of fungicides is known for its 
inhibition of ergosterol biosynthesis, a compound essential for fungal growth. They are regarded 
as the most effective fungicides for FHB control and mycotoxin reduction (Paul et al. 2008, 
2010; Wegulo et al. 2011; Willyerd et al. 2012; Wegulo et al. 2013; D’Angelo et al. 2014). The 
standard treatment for FHB control and DON reduction has been the application of tebuconazole 
(Paul et al. 2008) which was first developed in 1986 (Morton and Staub 2008). Cromey et al. 
(2001) and Scarpino et al. (2015) both reported that tebuconazole effectively controlled FHB and 
reduced DON accumulation as compared to no-fungicide control treatments. In recent years, new 
chemicals (fungicides) in this class have become available and have the potential to provide even 
more effective control of FHB (Wegulo et al. 2013). In a study by Hollingsworth et al. (2006), 
two of these new chemicals (metconazole and tebuconazole + prothioconazole) were evaluated 
and found to be much more effective than tebuconazole alone. In a meta-analysis by Paul et al. 
(2008), data from experiments across many states and years was compiled for several of these 
new fungicides. This analysis showed that metconazole, prothioconazole, and tebuconazole + 
prothioconazole resulted in greater DON reductions than tebuconazole alone when compared to 
no-fungicide control treatments. More research is necessary to determine the effectiveness of 
these fungicides for controlling FHB and reducing mycotoxin accumulation. 
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In contrast to the DMIs, the quinone outside inhibitor (QoI), or strobilurin, class of 
fungicides are inhibitors of cytochrome bc1, which prevents mitochondrial respiration (Morton 
and Staub 2008). This class of fungicides is not considered to be effective for the control of 
FHB. When used for the control of FHB, strobilurin-containing fungicides have been reported to 
decrease the symptoms of FHB, but often do not result in reductions in DON concentration 
(Cromey et al. 2001; Pirgozliev et al. 2003). In some instances, the use of strobilurin-containing 
fungicides for the control of FHB have also been associated with increased DON concentration 
in effected tissues (Mesterházy and Bartók 1997; Obst et al. 1997; Edwards 2004). For this 
reason, visual infection symptoms may not be a good indicator of total DON accumulation, 
especially when using strobilurin fungicides. 
A meta-analysis by Paul et al. (2008) indicated that the environment significantly impacts 
the effectiveness of fungicides when used to control FHB. The effectiveness of a fungicide in 
reducing DON accumulation is also directly related to disease pressure, which is often related to 
the environment. A study by Scarpino et al. (2015) indicated that, in years where low disease 
pressure was present, fungicides were less effective than in years with high disease pressure. In 
years of low disease pressure, the use of resistant cultivars may be sufficient for FHB control. 
 
Resistance 
Another effective practice for FHB control is the use of resistant cultivars. Differences 
among cultivars in their response to FHB infection was first described by Arthur (1891). As early 
as 1929, it was clear that breeding resistant varieties was the primary means by which effective 
control of FHB could be achieved (Christensen et al. 1929).  
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Schroeder and Christensen (1963) first described two types of resistance to FHB that are 
used in breeding programs worldwide. Type 1 resistance is defined as resistance to initial 
infection. This type of resistance is assessed as the percent of infected heads, or incidence, and 
can be difficult to quantify if symptoms are subtle or absent. Many times, type 2 resistance must 
be quantified to effectively measure type 1 resistance. Type 2 resistance is described as the 
resistance of the host to the spread of infection within the rachis tissue. This type of resistance is 
much simpler to assess and is based on the visual spread of the fungus, or severity, in host tissue. 
This type of resistance is the most common resistance used in current breeding programs. Other 
types of resistance have also been suggested (Mesterházy 1995).  
Miller et al. (1985) was one of the first to report that the level of cultivar resistance may 
impact overall DON accumulation as well as severity of FHB. This study reported higher levels 
of DON in the chaff than in the grain with 6 to 10 times more DON in susceptible plant tissues. 
It was also one of the first studies to suggest that resistance to DON accumulation may be more 
complicated than just the type 1 and type 2 resistance suggested by Schroeder and Christensen 
(1963). Miller et al. (1985) found higher concentrations of the fungus (measured by ergosterol 
content, an indicator of fungal biomass) in susceptible cultivars indicating that, in the susceptible 
cultivars, there may be less resistance to the spread of the fungus (type 2 resistance). The 
concentration of fungal biomass was lower in more resistant cultivars indicating that there is 
likely a mechanism by which the spread of the fungus is being inhibited. This early study was 
confirmed by Bai et al. (2001) and Pirgozliev et al. (2008), who both reported that there is a 
strong correlation between the amount of Fusarium DNA present and the total DON 
accumulation in wheat grains. 
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Developing cultivars that are resistant to FHB has proven to be a complex process due to 
the quantitative nature of disease resistance. Breeding for resistance based on phenotypes is 
exceptionally hard because the phenotype produced by a cultivar may be influenced by 
environmental conditions. Many breeding programs have utilized resistance genes derived from 
‘Sumai 3,’ a breeding line with origins in Asia (Liu 1985). Most breeding efforts in North 
America to combat FHB were halted starting in the 1950s through the 1980s due to the 
prevalence of rust epidemics that dominated the area. During this time, epidemics of FHB were 
still common throughout Asia, allowing for the advancement of FHB resistance breeding 
programs. These programs led to the discovery of ‘Sumai 3’ as a FHB-resistant parent that 
allowed for easy crossing. ‘Sumai 3’ is a breeding line that was found to confer effective type 2 
resistance to its progeny. This cultivar also possesses many negative agronomic traits that can be 
inherited by progeny, making it not conducive for use in all breeding programs. 
Many studies have identified 2 or 3 different alleles that confer resistance to FHB in 
‘Sumai 3,’ most notably Fhb1 (formerly Qfhs.ndsu-3BS) on chromosome 3BS (Waldron et al. 
1999; Liu et al. 2006). Cultivars with the Fhb1 gene have been reported as being able to detoxify 
DON (Lemmens et al. 2005), thereby reducing the pathogen’s ability to spread in the host. Since 
the discovery of Fhb1, it has been widely used in breeding programs worldwide due to its ease of 
integration and stability as a gene.  
Another gene identified for type 2 resistance is Fhb2 (formerly Xgwm644) on 
chromosome 6B (Cuthbert et al. 2007). Little work has been done focusing on this gene since its 
discovery was fairly recent. A review by Buerstmayr et al (2009) published a comprehensive list 
of the current known quantitative trait loci (QTL) that confer resistance to FHB. The review also 
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indicated that many of these QTLs have been linked to phenotypic traits such as the semi-
dwarfing gene (Rht8), heading date, narrow flower opening, and compact heads. The reviews 
further indicated that the genes FHB1 and FHB2 and the QTL Qfhs.ifa-5A (a QTL on 
chromosome 5A) are the most practical and stable for use in current breeding programs. 
Sources of native FHB resistance are also vital for the development of FHB resistant 
cultivars in North America. Many of these native resistance sources have been discovered 
through phenotypic screening programs, called FHB nurseries, using genotypes that are 
favorable for the environmental conditions of a region. The use of point-inoculation in a 
greenhouse setting and marker-assisted selection (MAS) for FHB resistance genes or QTLs are 
tools that are used to identify native resistance (Brown-Guedira et al. 2008). Native sources of 
resistance to FHB are present in several cultivars developed in North America such as Ernie, 
Tribute, and Truman (Malla et al. 2013) and are the primarily sources of type II resistance 
(Griffey et al. 2008). Winter wheat breeding programs in the United States utilize these wheat 
cultivars as native sources of resistance for FHB in the United States (Griffey 2005). 
Studies have shown that FHB resistance is not depending upon the species of Fusarium 
responsible for infection (Mesterházy et al. 1999; Tóth et al. 2008). The virulence of an isolate 
has a greater impact on a cultivar’s phenotypic reaction to FHB. Therefore, more aggressive 
isolates, generally those producing more DON, result in more infection than less aggressive 
isolates.  
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Integrated Management 
Since neither fungicides nor resistant cultivars offer complete control of FHB, the use of 
integrated disease management strategies are necessary (McMullen et al. 2008). Many studies 
have tested integrated disease management practices for their effectiveness in reducing FHB, 
primarily the reduction of mycotoxins (Mesterházy et al. 2003; Paul et al. 2008,  2010; Wegulo 
et al. 2011; Willyerd et al. 2012; Reis and Carmona 2013; Wegulo et al. 2013). These studies all 
confirmed that the most effective means to control FHB is through the use of integrated disease 
management practices. 
Mesterhazy et al. (2003) reported that fungicide efficacy tends to be greater on more 
resistant cultivars compared to susceptible cultivars. Further research conducted by 
Hollingsworth et al. (2008) found that fungicides have a more significant impact on DON 
accumulation if the cultivar is susceptible. This implies that, in general, a moderately resistant 
cultivar could potentially offer sufficient control of FHB in a normal season, but the application 
of a fungicide would be necessary in seasons where disease pressure was high. 
Blandino et al. (2013) confirmed that better control and management of FHB can be 
achieved using integrated management practices. This study not only used cultivar and fungicide 
as part of an integrated management strategy, but also tillage method and crop rotation to offer a 
more comprehensive management plan. Changing tillage methods or crop rotation would be a 
simple answer for FHB prevention, but these changes in cultural practices have proven to be 
difficult after decades of corn and wheat rotations and the advent of conservation tillage in the 
1980s, making the primary inoculum of FHB endemic in most of the Midwestern states. 
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Mycotoxins in Straw 
Until recently, straw has generally not been considered as a route of exposure for animals 
to DON toxin and other Fusarium mycotoxins. Mycotoxins in straw tissue pose a serious threat 
to animals when it is used as bedding or as ruminant feedstuffs because of potentially high levels 
of mycotoxins that can be present. Recently, studies have looked into the presence of mycotoxins 
in wheat straw, primarily in Europe (Brinkmeyer et al. 2006; Rohweder et al. 2011, 2013; 
Nordkvist and Häggblom 2014; Häggblom and Nordkvist 2015) along with a few studies in 
North America (Rottinghaus et al. 2009; Cowger and Arellano 2013). These mycotoxins have 
proven to be a potential means by which livestock, especially swine, are exposed to mycotoxins. 
In a study by Häggblom and Nordkvist (2015), they investigated the presence of DON, 
zearalenone, and the fungus F. graminearum in wheat straw tissue sampled from within fields 
and straw bales. This study followed one that was completed by Nordkvist and Häggblom (2014) 
studying the presence of mycotoxins in wheat straw used for swine bedding in Sweden. High 
levels of DON were also recorded in the grain, straw, and chaff tissues in two studies by 
Rohweder et al. (2011,  2013). In the latter study, Rohweder et al. (2013) found that, no matter 
the derivative of DON present, the level of toxicosis experienced by the animal was not different. 
There are several hypotheses that have been proposed as to how DON is accumulating in 
the straw tissue of wheat. One hypothesis is that F. graminearum is growing through the head 
tissue, into the rachis, and down the stem, resulting in mycotoxin accumulation (Mudge et al. 
2006; Covarelli et al. 2012). Mesterházy et al. (2008) even reported that F. graminearum can 
potentially infect stem nodes directly and may be a means by which Fusarium mycotoxins are 
accumulating in straw tissue. A study by Mudge et al. (2006) indicated that DON may play an 
important role in the ability of Fusarium species to colonize stem tissue. It is well-established 
 18 
 
 
that the presence of the Fusarium species is correlated with the accumulation of DON in grain 
and can easily be assumed for infested straw tissue as well. 
Another hypothesis is that the water solubility of DON may help it to relocate in the plant 
through the xylem or phloem. Winter et al. (2013) reported that DON can be transported via the 
xylem from the base of the stem all the way up to the head, but cannot accumulate in the grain by 
this mechanism. Several studies have also indicated that the water solubility of DON could 
potentially be working in the reverse in that DON may be leached out of the head tissue through 
rain or irrigation events (Culler et al. 2007; Covarelli et al. 2012; Gautam and Dill-Macky 2012).  
With high levels of DON present in grain, the related high levels of DON in straw tissue 
used in bedding can result in higher levels of mycotoxin exposure for livestock when grain and 
straw from the same infected field are used for both feed and bedding, and are subsequently 
consumed together. It is hypothesized that resistance to mycotoxin accumulation in grain relates 
to reductions in mycotoxin accumulation in the straw tissue. The use of resistant varieties may 
prove useful in controlling the accumulation of FHB mycotoxins in straw tissue, though little 
research has been done to determine if this is the case. 
 
Objectives 
The objectives of the followings studies were: 
1.) To determine if fungicides, cultivars, or integrated management practices effect the total 
accumulation of FHB mycotoxins in winter wheat straw tissue and whether the 
mycotoxins in the grain are correlated to the mycotoxins in the straw tissue after harvest. 
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2.) To determine when mycotoxins accumulate in wheat straw tissue during the growing 
season at various intervals after anthesis and whether the mycotoxins in the grain are 
correlated to the mycotoxins present in the straw tissue after harvest. 
3.) To determine if the presence of F. graminearum in straw tissue under controlled 
conditions is correlated to the accumulation of mycotoxins. 
4.) To identify the Fusarium species present in wheat roots in Illinois to determine if these 
species could be contributing to mycotoxin accumulation in the straw.
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CHAPTER 2: FUNGICIDE EFFICACY AND THE EFFECTIVENESS OF 
INTEGRATED DISEASE MANAGEMENT FOR CONTROL OF FUSARIUM 
MYCOTOXIN ACCUMULATION IN WHEAT STRAW 
 
Abstract 
Management of Fusarium graminearum-associated mycotoxins in wheat grain has been 
extensively evaluated, but little is known about management of mycotoxins in straw tissue. Two 
studies were conducted from 2011 to 2014 to determine the efficacy of fungicides and the use of 
integrated disease management strategies for the control of Fusarium head blight (FHB) and the 
subsequent accumulation of the Fusarium mycotoxins deoxynivalenol (DON), 3-acetyl-
deoxynivalenol (3ADON), and 15-acetyl-deoxynivalenol (15ADON) in the straw. The first study 
tested the effect of fungicides at four locations with mycotoxin accumulations ranging from 0.19 
to 154.5 parts per million (ppm), 0 to 10.1 ppm, and 0 to 29.8 ppm for DON, 3ADON, and 
15ADON, respectively, across all locations and years. In this study, it was determined that 
demethylation inhibitor (DMI) fungicides did not offer significant (P ≤ 0.05) control of 
mycotoxin accumulation in the straw over no-fungicide control treatment, but significant (P ≤ 
0.05) reductions in mycotoxin accumulation were seen when compared treatments with the 
application of quinone outside inhibitor (QoI) fungicides. In the second study, the level of 
mycotoxin accumulation in straw was compared in a susceptible cultivar to that of a moderately 
resistant cultivar, with and without fungicide applications at four locations. The accumulation of 
mycotoxins ranged from 0 to 47.1 ppm, 0 to 3.3 ppm, and 0 to 15.7 ppm for DON, 3ADON, and 
15ADON, respectively, across all locations and years. Results from this study indicated that the 
use of a moderately resistant cultivar offered significant (P ≤ 0.05) control of mycotoxin 
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accumulation in the straw over a susceptible cultivar regardless of whether or not a fungicide 
was applied. The control measures typically used to manage Fusarium mycotoxins in wheat 
grain, especially the selection of resistant cultivars, may be an effective means to reduce 
mycotoxin accumulation in the straw. 
 
Introduction  
Since the early 1990s, Fusarium head blight (FHB) has been responsible for millions of 
dollars in damage to cereal crops worldwide. Fusarium graminearum has long been identified as 
the primary species of Fusarium responsible for FHB in the Midwestern United States (Sutton 
1982). This species is known to produce several mycotoxins that are detrimental to both human 
and animal health (Shaner 2003). Deoxynivalenol (DON) is the most common mycotoxin 
associated with grain contaminated by F. graminearum. DON is a potent inhibitor of protein 
synthesis (Cundliffe et al. 1974; Cundliffe and Davies 1977) and is considered to be a 
pathogenicity factor for infection by F. graminearum (Desjardins 2006).  
The acetylated derivatives of DON, 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-
deoxynivalenol (15ADON), are also commonly found in conjunction with DON when tested at 
grain elevators. The primary acetylated derivative of DON that is produced by an isolate is 
referred to as its chemotype. The 15ADON chemotype is the most common chemotype of F. 
graminearum isolates recovered in North America. In recent years, 3ADON producing isolates, 
considered to be more aggressive and produce up to four times as much DON as 15ADON 
isolates (Foroud et al. 2012), have been found in some of the wheat growing regions of North 
America (Ward et al. 2008; Puri and Zhong 2010; Schmale et al. 2011). However, these isolates 
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will not be the focus of this study. DON and its derivatives, and the presence of shriveled, 
Fusarium-damaged kernels (FDK) associated with decreased yield are responsible for quality 
loss and discounts at grain elevators throughout the region (Salgado et al. 2014). 
Effective management is essential for the control and reduction of the mycotoxins 
produced by Fusarium spp. associated with FHB in wheat heads. Research has focused largely 
on the use of demethylation inhibitor (DMI; also known as triazole) fungicides for control of 
FHB and the associated reduction of mycotoxin levels in the grain (Paul et al. 2008,  2010; 
Blandino et al. 2013). FHB is regarded as a monocyclic disease with infection by Fusarium 
species generally coinciding with anthesis. Although, infection has been reported to occur after 
anthesis as well. The application of fungicides at 50% anthesis, or Feekes 10.5.1, is required for 
the most effective control of FHB and mycotoxin accumulation in the grain resulting from 
infection by Fusarium species. 
Fungicides application has been studied primarily for their impacts on DON 
accumulation in grain, but it is not well understood how these applications impact the levels of 
mycotoxins in the straw. Much of this research has suggested that DMI class of fungicides are a 
more effective means to control the pathogens of FHB and reduce the accumulation of 
mycotoxins in wheat grain than the quinone outside inhibitors (QoIs; also known as strobilurins) 
(Simpson et al. 2001; Pirgozliev et al. 2002; Haidukowski et al. 2005) or no fungicide 
applications (Willyerd et al. 2012; Wegulo et al. 2013; D’Angelo et al. 2014). Paul et al. (2008) 
used a meta-analysis to evaluate the impacts of many of the current DMI fungicides that are used 
to control of FHB and their efficacies. This analysis found that metconazole (Caramba®; BASF 
Corporation; Research Triangle Park, NC), prothioconazole (Proline®; Bayer CropScience; 
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Research Triangle Park, NC) and tebuconazole + prothioconazole (Prosaro®; Bayer 
CropScience) offered the best control of FHB (50%, 48%, and 52% control, respectively) and 
DON accumulation (45%, 43%, and 42% control, respectively). These studies have concluded 
that certain DMI fungicides offer significant control, relative to no-fungicide control treatments, 
by reducing FHB and subsequent DON accumulation in the grain.   
Due to the variability of control offered by fungicides alone, it is recommended that 
multiple approaches be integrated by selecting cultivars with resistance to FHB, changing or 
managing cultural practices such as tillage and crop rotation, and applying an effective fungicide 
at the proper time (Haidukowski et al. 2005). Since the modification of cultural practice is 
difficult in the Midwestern states due to the adoption of minimal tillage for soil conservation and 
the high percentage of acres planted into corn, the focus for control of FHB shifts to the 
integration of the selection of FHB resistant cultivars and an appropriate fungicide application. 
Several studies support the idea that integrating the use of a cultivar with moderate resistance to 
FHB with the application of an effective DMI fungicide allows for the best control of DON 
accumulation in the grain (McMullen et al. 2008; Willyerd et al. 2012; Blandino et al. 2013). 
Mycotoxin accumulation in portions of the head tissue, including the grain and rachis 
tissue, have been studied for decades with some reports of DON concentrations being four to ten 
times higher in the chaff and rachis tissue than in the grain (Miller et al. 1985; Rottinghaus et al. 
2009). In recent years, Fusarium mycotoxins have also been reported to accumulate in the straw 
tissue associated with contaminated grain samples in many parts of the world (Brinkmeyer et al. 
2006; Rottinghaus et al. 2009; Rohweder et al. 2011; Cowger and Arellano 2013; Rohweder et 
al. 2013). Several of these studies in Europe have focused on the presence of Fusarium 
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mycotoxins in the straw in relation to swine and other livestock production (Rohweder et al. 
2011,  2013; Nordkvist and Häggblom 2014; Häggblom and Nordkvist 2015). Wheat straw is 
commonly used as bedding material for swine and other livestock, and swine may consume up to 
4 kg of straw bedding per day (Dr. Hans Stein, personal communication). These studies have 
reinforced the importance of studying the accumulation of mycotoxins in wheat straw for 
livestock, especially swine and other non-ruminant animals that are sensitive to these 
mycotoxins. Though informative, they have not effectively addressed how to best control the 
accumulation of these mycotoxins in the straw.  
Overall, the accumulation of Fusarium mycotoxins in wheat straw as a result of FHB is 
poorly understood, especially how the fungicides and resistant cultivars used for the control of 
this disease impact this accumulation. The objectives of this study were: i) to determine the 
effects of various fungicide applications on the accumulation of Fusarium mycotoxins in wheat 
straw tissue; and ii) to determine the impact of both the integration of a DMI fungicide and 
resistance level of a cultivar and its impact on the accumulation of Fusarium mycotoxins in 
wheat straw. 
 
Materials and Methods 
Field trials. To complete the objectives of this study, two field studies were conducted. The first 
was a fungicide study that tested the impacts of three DMI fungicides versus a QoI fungicide on 
the accumulation of Fusarium mycotoxins in straw tissue of a susceptible soft red winter wheat 
cultivar, Pioneer Brand 25R47. Three DMI fungicides (Prosaro® [tebuconazole + 
prothioconazole; Bayer CropScience; Research Triangle Park, NC], Caramba® [metconazole; 
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BASF Corporation; Research Triangle Park, NC], and Folicur® [tebuconazole; Bayer 
CropScience; Research Triangle Park, NC] or Monsoon® [tebuconazole; Loveland Products, 
Inc., Greely, CO]) and a QoI fungicide (Headline® [pyraclostrobin; BASF Corporation; 
Research Triangle Park, NC], Priaxor® (a combination of both QoI and SDHI chemistries) 
[pyraclostrobin + fluxapyroxad; BASF Corporation; Research Triangle Park, NC], or Aproach® 
[picoxystrobin; DuPont Crop Protection; Wilmington, DE]) were applied in each year. The DMI 
fungicides were applied at 0.09 kg a.i./ha, 0.13 kg a.i./ha, 0.13 kg a.i./ha, and 0.20 kg a.i./ha, 
respectively, at Feekes growth stage 10.5.1 (Large 1954), and the QoI (or QoI + SDHI) 
fungicides were applied at 0.11 kg a.i./ha, 0.15 kg a.i./ha, and 0.12 kg a.i./ha, respectively, at 
Feekes growth stage 9, with a CO2-pressurized backpack sprayer (Table 2.1). A non-ionic 
surfactant (Induce; Helena Chemical Company, Collierville, TN) at 0.125% vol/vol was added to 
each spray mixture. A non-treated (no fungicide) control was also included. This trial was 
conducted at four locations each year in 2011 through 2014. The trial locations were at 
Brownstown, Dixon Springs, Monmouth, and Urbana, Illinois representing the diverse cross-
section of the agricultural and environmental landscape of the state. Plots were arranged using a 
randomized complete block design and replicated four times. To help ensure F. graminearum 
infection and FHB development, wheat was planted into corn stubble and mist-irrigated. Mist-
irrigation was applied six times per day for fifteen minutes beginning two weeks prior to anthesis 
and continuing until two weeks after anthesis. Winterkill in Monmouth resulted in the complete 
loss of this trial location in 2014. 
The second study focused on integrated disease management practices by comparing 
either the application of a fungicide or no fungicide to a soft red winter wheat cultivar that was 
either moderately resistant or very susceptible to FHB. The two cultivars selected were BW5228, 
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moderately resistant, and Pioneer Brand 25R47, a cultivar susceptible to FHB. The fungicide 
Prosaro® (tebuconazole + prothioconazole; Bayer CropScience) with 0.125% [vol/vol] of Induce 
non-ionic surfactant was applied at Feekes growth stage 10.5.1 with a CO2 –pressurized 
backpack sprayer at a rate of 0.20 kg a.i./ha. This study was conducted at four locations with 
three locations naturally rain-fed (Dixon Springs, Monmouth, and Urbana) and the fourth 
location mist-irrigated in Urbana, Illinois. A mist-irrigation system was set up and implemented 
using the same procedures as described in the previous study. Each location was set up using a 
split block design with the main block as fungicide treatment and the split block as the cultivar 
treatment. Each treatment was replicated four times. Treatment was the combination of either 
fungicide or no fungicide and either a moderately resistant or very susceptible cultivar in a 2 x 2 
factorial. For example, a treatment combination was the application of Prosaro to the cultivar 
BW5228. The Monmouth location in this study in 2014 was lost due to winterkill.  
Fusarium head blight index and yield. Plot incidence of FHB (%) and FHB severity (% head 
area affected) data were collected in each trial three weeks after anthesis, and yield data were 
collected at harvest from each plot. Yield data were converted to kg/ha. The FHB index was 
calculated using the equation Index = (Incidence*Severity)/100. 
Straw collection. For each plot at all locations, the bottom 25 cm of straw tissue was collected 
post-harvest. To achieve a 25 cm length in the bottom portion of the straw, the combine was set 
to cut high during harvest, and afterward, the straw was hand cut at the soil line and the top was 
trimmed to approximately 25 cm. Leaf tissue and other plant material, such as chaff and other 
head tissue, were removed, and stems were dried in a forced air drier at 32°C. After drying, 
samples were ground with a Microfine Grinder (IKA Works, Inc., Wilmington, NC).  
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Mycotoxin analysis. Straw and grain samples were assayed for concentrations of DON, 3ADON, 
and 15ADON by methods modified from Mirocha et al. (1998). In all four years, straw was 
tested for all three mycotoxins for both field trials. Grain was only tested for DON in 2011 and 
2012, but 3ADON and 15ADON were included in the analyses in 2013 and 2014. All mycotoxin 
testing was conducted at the University of Minnesota mycotoxin testing laboratory in St. Paul, 
MN. 
Statistical analysis. Mycotoxin concentration data were log transformed (logDON = log[DON + 
1], log3DON = log[3ADON + 1], and log15ADON = log[15ADON + 1]) in order to homogenize 
the variances and correct for zeros present in the data set. The data were then analyzed with SAS 
software (SAS version 9.4, SAS Institute Inc., Cary, NC) using the mixed models procedure 
(PROC MIXED) with year, location, and block as random effects, and the treatment (fungicide 
for the fungicide trial or treatment combination for the integrated management trial) as a fixed 
effect. In the fungicide trial, the three-way interaction of year x location x fungicide and in the 
integrated management trial, the three way interaction of year x location x treatment were not 
significant (P ≤ 0.05) and did not contribute to the variance of their respective models, so they 
were removed. Best linear unbiased predictors (BLUPs) were written to estimate the random 
effects of each model. Correlation analyses were performed using PROC CORR SPEARMAN to 
account for the missing data points. Significant differences were determined using Tukey’s W 
procedure with α = 0.05. 
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Results 
Fungicide trial. Statistical analysis revealed significant (P ≤ 0.05) differences among some, but 
not all, of the fungicide treatments for the accumulation of mycotoxins in the straw (Table 2.2). 
The two-way interaction of year x location contributed significantly (P ≤ 0.05) to the variability 
of the model for both the grain and straw in all mycotoxins and for yield and FHB index. 
Significantly (P ≤ 0.05) greater DON accumulation was reported in the straw from the 
plots treated with QoI fungicides versus straw from the plots in which either tebuconazole or 
tebuconazole + prothioconazole were applied (Figure 2.1). However, DON levels from the QoI-
treated plots did not significantly differ from DON levels in non-treated control plots or plots 
treated with metconazole. Significant DON reductions in the straw were also not observed in the 
plots treated with any of the three DMI fungicides when compared to the levels of DON in the 
non-treated control plots. DON concentrations ranged from 0.2 ppm to 154.5 ppm and 0.1 ppm 
to 44.3 ppm in the straw and in the grain, respectively. 
The concentrations of 3ADON and 15ADON were much lower than the concentration of 
DON in the straw (Figure 2.1). Significantly (P ≤ 0.05) higher levels of 3ADON were detected 
in straw samples from QoI fungicide-treated plots as compared to levels detected in straw 
samples from tebuconazole + prothioconazole-treated plots. Significant differences in 3ADON 
concentrations were not detected in straw samples from any plots with a DMI fungicide applied 
when compared to the concentration of 3ADON detected in straw from the non-treated control 
plots. Significantly greater 15ADON concentrations were detected in the straw of QoI fungicide-
treated plots as compared to the levels observed in straw from the plots receiving applications of 
tebuconazole, tebuconazole + prothioconazole, and the non-treated control plots. However, 
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concentrations of 15ADON in straw from plots treated with metconazole or QoI-fungicides were 
not significantly different. The concentrations of 3ADON in straw samples ranged from 0 to 10.1 
ppm, and 15ADON concentrations in straw samples ranged from 0 to 29.8 ppm. 
The DON levels detected in the grain were significantly correlated to levels of DON (P = 
< 0.0001), 3ADON (P = < 0.0001), and 15ADON (P = < 0.0001) detected in the straw, based on 
Spearman correlation coefficients of 0.55, 0.47, and 0.53, respectively (Table 2.3). A significant 
(P = < 0.0001) positive correlation between DON accumulation in the grain and FHB index was 
also observed, with a Spearman correlation coefficient of 0.61. The FHB index was also 
significantly correlated to the DON (P = < 0.0001), 3ADON (P = < 0.0001), and 15ADON (P = 
< 0.0001) concentrations detected in the straw, with Spearman correlation coefficients of 0.52, 
0.49, and 0.47, respectively. The correlation between DON accumulation in the grain versus 
yield, and 3ADON accumulation in the straw versus yield were significant (P = 0.0007 and P = 
0.01, respectively) and negative, with Spearman correlation coefficients of -0.23 and -0.17.  
Integrated disease management trial. Significant differences among treatment combinations 
were observed in the integrated disease management study (Table 2.4). Only the interactions of 
location x year and treatment x year were significant for mycotoxin accumulation in the straw 
and in the grain. Significantly (P ≤ 0.05) lower DON concentrations were detected in the straw 
and the grain of the moderately resistant cultivar over the susceptible cultivar with or without the 
application of a fungicide (Figure 2.2). Significant differences were not detected among 
treatments for 3ADON but significant reductions in 15ADON concentration were detected in the 
moderately resistant cultivar treated with Prosaro over the non-treated, susceptible cultivar. No 
significant differences were observed among treatments for yield or FHB index. 
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Significant, positive correlations between DON concentrations in the grain and 
mycotoxin concentrations in the straw were detected (Table 2.5). Mycotoxin accumulation in the 
straw and in the grain also showed a significant, positive correlation with FHB index. There was 
also a significant, negative correlation between DON in the grain and yield (P = 0.0007, R = -
0.23), and a significant, negative correlation between 3ADON and yield (P = 0.01, R = -0.17) in 
the straw. 
 
Discussion 
Based on the results of this study, it was observed that high levels of DON can be 
detected in straw tissue at harvest, even when adequate control measures for FHB and DON 
reduction in the grain are used. Although vital for the control of DON in grain during years with 
high disease pressure, applying fungicides may not translate to adequate reductions in DON 
concentrations in the straw, especially on a cultivar that is susceptible to FHB. Salgado et al. 
(2014) emphasized the need for significant FHB control with a fungicide application in terms of 
yield and grain quality, to be of maximum economic benefit. This can also be said for wheat 
straw and its end use quality. However, in the current study, significant reductions in DON 
accumulation were not observed through the application of DMI fungicides compared to non-
treated control plots.  
Research suggests that fungicide efficacy is not only effected by the level of disease 
resistance of the cultivar, but also by the FHB disease pressure present (Paul et al. 2010). Studies 
have also indicated that, in years with low FHB disease pressure, the percent reduction of FHB 
was higher than in years with moderate or high FHB disease pressure (Mesterházy 1995; 
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Mesterházy et al. 1999). In the present study, the diminished efficacy of the DMI fungicides was 
likely a result of high disease pressure, especially in 2013 and 2014. It can be interpreted from 
the results of this study that in the years with high FHB disease pressure, the application of a 
DMI fungicide did not sufficiently reduce DON accumulation in the grain. However, in 
operations where wheat straw is baled for use as livestock bedding, the application of a QoI 
fungicide could potentially increase DON concentration in the straw. 
The use of QoI fungicides is generally not recommended for the control of Fusarium 
mycotoxins due to their potential to increase total DON accumulation in the grain. Studies have 
shown conflicting results related to the impact that QoI fungicides have on DON accumulation in 
the grain (Simpson et al. 2001; Pirgozliev et al. 2002). Few studies have evaluated on the impact 
of QoI fungicides on DON accumulation in the straw (Rottinghaus et al. 2009). The current 
study revealed that the applications of DMI and QoI fungicides did not result in significantly 
different levels of DON in the grain, but that applications of DMU fungicides did result in 
significantly lower DON levels in the straw. The significantly higher levels of DON in the straw 
but not in the grain, following applications of QoI fungicides raise more important questions as 
to why QoI fungicides may increase total DON accumulation. 
Although generally not adequately effective for the control of FHB and the mycotoxins 
that result from head infection, QoI fungicides are used to control of many different diseases of 
small grain cereals. QoI fungicides inhibit spore germination and exhibit translaminar movement 
through leaf tissue allowing them to be locally systemic, ideal for the management of many foliar 
diseases. These diseases include stripe rust (Puccinia striiformis), leaf rust (Puccinia triticina), 
and black stem rust (Puccinia graminis), as well as Staganospora (Parastagnonospora nodorum) 
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and Septoria (Zymoseptoria tritici) leaf blotches and tan spot (Pyrenophora tritici-repentis), all 
diseases of economic importance throughout many of the major wheat growing regions. The 
application of QoI fungicides to control these diseases in years of low FHB disease pressure has 
the possibility of resulting in higher DON accumulation in straw tissue than if DMI fungicides 
were applied.  Consistently higher DON concentrations in the straw than in the grain were 
observed in this study, regardless of whether or not a fungicide was applied, meaning that low 
DON in the grain may not be an indication of low DON concentrations in the straw. 
Several studies have reported poor correlations between total DON concentration in the 
grain and FHB index (Bai et al. 2001; Mesterházy et al. 2003; Haidukowski et al. 2005). A 
moderate level of correlation between DON concentration in the grain and FHB index was 
observed in this study; however, the correlation between DON concentrations in the straw and 
FHB index was much weaker. With a lack of visual characteristics to indicate expected DON 
accumulation in either tissue, it becomes exceptionally hard to evaluate the effectiveness of a 
fungicide and its ability to control FHB and mycotoxin accumulation. 
Several studies have also indicated that the environment has an immense impact on 
disease development (Paul et al. 2008, 2010; Wegulo et al. 2013; D’Angelo et al. 2014). These 
studies have indicated that even the most effective forms of controlling FHB through cultivar 
selection and fungicide application can still result in a high FHB index and significant DON 
accumulations if conditions are favorable for F. graminearum infection and FHB development. 
The resistance or susceptibility of a cultivar, though largely impacted by its genetics, can also be 
influenced by the environment and FHB disease pressure (Schroeder and Christensen 1963; 
Miedaner et al. 2001; Wegulo et al. 2013). Many studies have indicated that fungicide efficacy is 
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generally higher with moderately resistant cultivars than it is with susceptible cultivars (Wegulo 
et al. 2011; Willyerd et al. 2012; Amarasinghe et al. 2013; Wegulo et al. 2013). In these studies, 
significantly lower DON concentrations were observed in the grain of the fungicide-treated plots 
over the non-treated control plots. With the environment playing such a large role in disease 
development, it is not surprising that, in this study, the location x year interaction in the 
fungicide study and both the location x year and treatment x year interactions in the integrated 
disease management study impacted the effectiveness of management practices on DON levels 
in both the grain and the straw.  
By using integrated disease management approaches, significant reductions in mycotoxin 
accumulation in both the grain and the straw, based on the resistance level of a cultivar, were 
observed in this study. The application of a fungicide did not result in significant reductions in 
DON concentrations as compared to the plants that were not treated with a fungicide. This 
observation is consistent with what was found in the fungicide study, and is consistent with the 
idea that the use of resistant cultivars can offer effective control of DON accumulation in the 
grain and the straw (Miller et al. 1985). The study by Miller et al. (1985) was one of the first to 
evaluate the impact of cultivar resistance on DON reduction in both the grain and in straw, 
coming shortly after the discovery and integration of more effective forms of resistance to 
mycotoxin accumulation in the grain (Liu 1985). Miller et al. (1985) reported that the susceptible 
cultivar, even when treated with a fungicide, had significantly higher concentrations of DON in 
both the straw and the grain, as compared to the levels found in the untreated, moderately 
resistant cultivar. Research by Willyerd et al. (2012) also showed that the use of a moderately 
resistant cultivar, even with no fungicide treatment, offered better control of DON accumulation 
in the grain than did the use of susceptible cultivar that was treated with fungicides. This 
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reinforces the importance of using resistant cultivars in integrated management approaches for 
the reduction of mycotoxins in both the grain and the straw. 
The observed correlation between DON levels in the grain and DON levels in the straw 
in this study may be useful in developing a better understanding of how to best control the 
accumulation of Fusarium-associated mycotoxins in the straw tissue. The current study supports 
the idea that the use of moderately resistant cultivars result in significant reductions in DON 
concentrations in grain and straw, regardless of whether or not a fungicide is applied. 
Significantly higher DON concentrations were found in the susceptible cultivar, with or without 
the application of a fungicide, when compared to the levels found in the moderately resistant 
cultivar, regardless of the fungicide treatment. This may indicate that there is a relationship 
between cultivar resistance and reducing DON accumulation in the straw.  
Ultimately, the goals of optimal management of FHB are to reduce DON levels, increase 
yield, and minimize visible grain damage from Fusarium species (Fusarium damaged kernels or 
FDK). All of these factors contribute to the economic impacts of FHB and make the need for 
effective management strategies exceptionally important. Salgado et al. (2014) emphasized 
weighing the economic impacts of applying fungicides and integrating cultivar resistance against 
the potential reduction of FHB damage and mycotoxin accumulation in the grain. Wheat straw is 
no different in terms of the need for effective management of the accumulation of mycotoxins 
associated with FHB. The use of wheat straw in swine production for bedding increases the risk 
of exposure of swine to DON. Baling straw contaminated with mycotoxins as a result of F. 
graminearum infection can have negative economic implications to growers because of its lack 
of salability as bedding material. When swine ingest DON, they exhibit symptoms of feed refusal 
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and poor weight gain. In extreme cases, female reproductive problems and estrogenic syndromes 
have been associated with exposure to Fusarium mycotoxins (Mirocha et al. 1967; Marasas et al. 
1979; Vesonder and Hesseltine 1981). The cost of fungicide applications and resistant cultivar 
selection must be weighed against the potential of economic return to determine if they are 
feasible options to control DON in the straw tissue. 
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Tables 
Table 2.1. Fungicide mode of action (class), application rate, and application timing for each treatment including the year in which it 
was applied are listed.  
 
Class Trade Name 
(Manufacturer) 
Active Ingredient Ratea Application Time (FGSb) Year Applied 
DMI Caramba,  (BASF Corporation) 8.6% Metconazole  0.09 kg a.i./ha 10.5.1 2011 – 2014 
 
Folicur, 
(Bayer CropSciencec) 38.7% Tebuconazole 0.13 kg a.i./ha 10.5.1 2011 – 2013 
 
Monsoon, 
(Loveland Products, Inc.c) 38.7% Tebuconazole 0.13 kg a.i./ha 10.5.1 2014 
 
Prosaro, 
(Bayer CropScience) 
19% Tebuconazole + 19% 
Prothioconazole 0.20 kg a.i./ha 10.5.1 2011 – 2014 
QoId Headline, (BASF Corporation) 23.6% Pyraclostrobin 0.11 kg a.i./ha 9.0 2011 – 2012 
 
Priaxor, 
(BASF Corporation) 
28.58% Pyraclostrobin + 
14.33% Fluxapyroxad 0.15 kg a.i./ha 9.0 2013 
 
Aproach, 
(DuPont USA) 22.5%Picoxystrobin 0.13 kg a.i./ha 9.0 2014 
a Application rates in kilograms of active ingredient per hectare 
b Feekes growth stage 
c These fungicides both contain the same active ingredient, but they have different product trade names 
d The specific QoI fungicide used varied from year to year.
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Table 2.2. ANOVA results for the fungicides study with reported p-values for all effects and interactions for the mycotoxin 
concentrations reported in the straw and grain and the index and yield.  
 
Effect 
 
df 
DON 3ADON 15ADON 
Index‡ Yield  Grain Straw Straw Straw 
Trt† p-value 3 0.19 0.02 0.03 0.01 0.88 0.93 
Year p-value 3 0.27 1.00 0.74 0.90 0.93 0.003 
Location p-value 3 . 0.97 0.54 0.82 . . 
Location*Year p-value 9 <0.0001 <0.0001 <0.0001 0.0001 <0.0001 <0.0001 
Trt*Location p-value 9 1.00 0.43 0.12 1.00 . 0.88 
Trt*Year p-value 9 0.96 0.90 0.0006 0.39 0.98 0.56 
† Treatment 
‡ Index was calculated by 𝐹𝐹𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼∗𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝑆𝑆
100
 
. Not estimable
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Table 2.3. Results of a Spearman correlation analysis showing the correlation coefficients and 
significance of the correlations between the DON concentrations reported in the straw with the 
DON concentrations in the grain, the FHB index value, and the yield levels in the fungicide 
study. Correlations between the DON concentrations in the grain and the FHB index and yield 
are also listed.  
 
  DON 3ADON 15ADON 
  Grain Straw Straw Straw 
Grain DON 
R -- 0.55 0.47 0.53 
p-value -- <0.0001 <0.0001 <0.0001 
Index 
R 0.54 0.16 0.08 0.14 
p-value <0.0001 0.006 0.16 0.01 
Yield 
R -0.80 -0.45 -0.36 -0.37 
p-value <0.0001 <0.0001 <0.0001 <0.0001 
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Table 2.4. ANOVA results for the integrated disease management study with reported p-values for all effects and interactions for the 
mycotoxin concentrations reported in the straw and grain and the index and yield.  
 
Effect  df 
DON 3ADON 15ADON 
Index‡ Yield 
 Grain Straw Straw Straw 
Trt† p-value 3 0.004 0.003 0.14 0.02 0.24 0.55 
Year p-value 3 0.04 . 0.96 . 0.93 . 
Location p-value 3 0.78 0.46 0.24 0.15 0.99 0.07 
Location*Year p-value 9 <0.0001 <0.0001 <0.0001 <0.0001 0.36 <0.0001 
Trt*Location p-value 9 <0.0001 0.68 0.82 <0.0001 0.99 <0.0001 
Trt*Year p-value 9 <0.0001 <0.0001 0.0002 <0.0001 <0.0001 <0.0001 
† Treatment 
‡ Index was calculated by 𝐹𝐹𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼∗𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝑆𝑆
100
 
. Not estimable
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Table 2.5. Results from a Spearman correlation analysis showing the correlation coefficients and 
significance of the correlations between the DON concentrations in the straw with the DON 
concentrations in the grain, the index value, and the yield values in the integrated disease 
management study. Correlations between the DON concentrations in the grain and the index and 
yield are also listed.  
 
  DON 3ADON 15ADON 
  Grain Straw Straw Straw 
Grain DON 
R -- 0.67 0.62 0.62 
p-value -- <0.0001 <0.0001 <0.0001 
Index 
R 0.61 0.52 0.49 0.47 
p-value <0.0001 <0.0001 <0.0001 <0.0001 
Yield 
R -0.23 -0.06 -0.17 -0.04 
p-value 0.0007 0.38  0.01 0.57 
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Figures 
Figure 2.1. Estimated mycotoxin concentrations in the straw and grain reported as parts per 
million (ppm) across all years of the fungicide study. Values are the back-transformed 
concentrations for each mycotoxin in the indicated tissue. Letters indicate significant differences 
between treatments for each mycotoxin using Tukey’s W test with α = 0.05. 
 
†QoI fungicides used included Headline (Pyraclostrobin) in 2011 and 2012, Priaxor 
(Pyraclostrobin + Fluxapyroxad [QoI + SDHI]) in 2013, and Aproach (Picoxystrobin) in 2014. 
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Figure 2.2. Estimated mycotoxin concentrations in the straw and grain reported as parts per 
million (ppm) across all years for the integrated management study. Values are the back-
transformed concentrations for each mycotoxin in the indicated tissue. Letters indicate 
significant differences between treatments in the indicated mycotoxins using Tukey’s W test 
with α = 0.05. 
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CHAPTER 3: EFFECT OF WHEAT CULTIVAR ON THE ACCUMULATION OF 
FUSARIUM MYCOTOXINS IN STRAW 
Abstract 
Effective control of Fusarium-mycotoxin accumulation in the grain from Fusarium head 
blight (FHB) begins with the selection of moderately resistant cultivars, but little is known how 
this resistance effects mycotoxin levels in the straw. A study was conducted in 2011, 2013, and 
2014 in a mist-irrigated FHB nursery in Urbana, Illinois to determine if the resistance of a 
cultivar to FHB impacts the accumulation of Fusarium mycotoxins in the straw. In each year, 16 
to 20 cultivars, ranging in resistance to FHB, were selected for evaluation. FHB incidence, FHB 
severity, and Fusarium damaged kernel (FDK) ratings were collected for each cultivar and used 
to calculate the FHB index, ISK index, and DISK index, indices used for the advancement of 
FHB resistant cultivars in wheat breeding nurseries. Grain was assayed for levels of 
deoxynivalenol (DON) and the bottom 25 cm of plant stem was collected from each plot and 
assayed for levels of DON, 3-acetyl-deoxynivalenol (3ADON), and 15-acetyl-deoxynivalenol 
(15ADON). Significant differences in DON accumulation in the grain were detected among 
cultivars (P = 0.0001) and for the accumulation of all mycotoxins in the straw (P = 0.003, P = 
0.03, P = <0.0001). Significant differences in FHB index value were also observed among 
resistance classes (P = <0.0001), and among resistance classes for ISK index (P = 0.006) and 
DISK index (P = 0.004). In all years of this study, the amount of DON accumulation in the grain 
and mycotoxin accumulation in the straw was consistently lower in the moderately resistant 
cultivars. All three indices were poor indicators of mycotoxin accumulation in the straw. Overall, 
the selection of a moderately resistant cultivar provides effective control of DON accumulation 
in the grain and mycotoxin accumulation in the straw.
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Introduction 
Fusarium head blight (FHB) is a disease of small grain cereal crops and is responsible for 
millions of dollars in annual crop losses worldwide resulting from the presence of mycotoxins 
and the development of shriveled, Fusarium-damaged kernels (FDK) (Shaner 2003; Nganje et al. 
2004). Control of FHB and related mycotoxin production relies primarily on the application of 
demethylation inhibitor (DMI) fungicides and the use of resistant cultivars (Paul et al. 2008,  
2010; Blandino et al. 2013). There are two types of resistance that are commonly associated with 
the development of FHB resistant wheat cultivars. Type I resistance refers to a cultivar’s 
resistance to initial infection and type II resistance refers to a cultivar’s resistance to the spread 
of the fungus within the host (Schroeder and Christensen 1963). Type I resistance is assessed by 
the percentage of infected heads (incidence) and can be difficult to assess when symptoms of 
disease are subtle. It is proposed that type I resistance is related to morphological characteristics 
of wheat that prevent the establishment of infection (Bushnell et al. 2003). Type II resistance is 
assessed by quantifying the spread of infection through the spike (severity) and is much easier to 
assess. Research has largely focused on the advancement of FHB resistant breeding lines with 
type II resistance due to their ability to not only reduce the spread of infection, but to also reduce 
mycotoxin accumulation (Buerstmayr et al. 2002; Jiang et al. 2007; Buerstmayr et al. 2009; Prat 
et al. 2014; Buerstmayr and Buerstmayr 2015). The development of cultivars exhibiting 
resistance to FHB and mycotoxin accumulation is pivotal for the management of this disease and 
the reduction of mycotoxins in grain production. 
Indices are commonly used in FHB breeding programs to assess the performance of 
cultivars against FHB in the field and in the greenhouse. These indices use varying combinations 
of visual assessment characteristics such as disease incidence, disease severity, FDKs and DON 
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accumulation in the grain. The FHB index has historically been the most commonly used index 
to assess resistance to FHB, and is based on both FHB incidence and severity levels (Snijders 
1990). Two other indices have been used to assess FHB in scab nurseries, ISK (Incidence, 
Severity, Kernel damage) index (Kolb and Boze 2003) and DISK (DON, Incidence, Severity, 
Kernel damage) index (Gilbert and Woods 2006). Both of these indices are also based on FHB 
incidence and severity levels, but also include FDK and/or grain DON concentration in their 
overall calculations. The ISK index includes FDK ratings due to their importance in the end use 
of the grain and their relationship to mycotoxin accumulation. The DISK index was modified 
from the ISK index and includes both FDK and grain DON accumulation to better assess the 
impacts of type II resistance traits that result in reduced DON accumulation. These indices all 
play important roles in the development and advancement of cultivars with resistance to F. 
graminearum infection and for reducing DON accumulation in the grain. 
The presence of Fusarium mycotoxins in wheat straw has become a topic of interest in 
recent years because very little is known about how these mycotoxins are accumulating, or how 
cultivar resistance to FHB impacts this accumulation (Rohweder et al. 2011, 2013; Häggblom 
and Nordkvist 2015; Nordkvist and Häggblom 2014). Often, wheat straw is used for bedding for 
livestock, which are known to consume their bedding. Swine have been reported to eat up to 4 kg 
of bedding per day (Dr. Hans Stein, personal communication), increasing their risk of exposure 
to Fusarium mycotoxins (Nielsen and Ingvartsen 2000; Veum et al. 2009). Feed refusal and 
vomiting are the primary symptoms of Fusarium mycotoxin exposure in swine, and often result 
in decreased weight gain and, in extreme cases, estrogenic syndromes (Mirocha et al. 1967; 
Mirocha et al. 1976; Vesonder and Hesseltine 1981). 
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The main objectives of this study were to determine: i) if the resistance class of a cultivar 
is associated with the accumulation of Fusarium mycotoxins in the straw; ii) if the accumulation 
of Fusarium mycotoxins in the straw is significantly correlated to the levels of mycotoxins 
accumulating in the grain; iii) if select indices used for the advancement of FHB resistance in 
wheat cultivars are effective indicators of Fusarium mycotoxin accumulation in the straw. 
 
Materials and Methods 
This study was conducted from 2011 through 2014 in Urbana, Illinois. The study 
consisted of the selection of 16 to 20 soft red winter wheat cultivars ranging in their 
susceptibility to FHB (Table 3.1). Resistance classes were determined by a cultivar’s 
performance in the University of Illinois FHB nursery over several years and environments. 
Cultivars were selected from the FHB nursery in each year from single row plots arranged using 
a randomized complete block design with three replications. Plots were 1.2 m single rows, 
planted 29 September, 2010, 23 October, 2011, 9 October, 2012, and 10 October, 2013, and were 
spaced 0.3 m apart. Fusarium graminearum-infested corn kernels were spread throughout the 
plots. Mist-irrigation was applied three times per day for one hour beginning two weeks prior to 
anthesis and continuing until two weeks after anthesis. Plots were visually rated for FHB 
incidence (the percent of heads with FHB symptoms in the whole plot), severity (based on ten 
randomly selected heads per plot using the severity rating scale reported by Stack and McMullen 
(2011)), and FDK (the percent Fusarium-damaged kernels in the harvested grain). Due to 
drought conditions in 2012, low FHB incidence and severity was observed in all cultivars that 
year. For this reason, data collected in 2012 were not included in the statistical analysis. The 
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bottom portion of straw was collected from each single row plot by hand at harvest by trimming 
the straw to approximately 25cm tall and cutting the straw at the base of each plant. Straw was 
collected from a 0.2 m section of each plot. Straw samples were dried in a forced air drier at 
32℃, ground using a Microfine grinder (IKA Works, Inc., Wilmington, NC), and portioned into 
4 g representative samples. Grain samples were hand threshed from each plot and portioned into 
samples representative of the whole plot. 
Mycotoxin analysis. The concentrations of DON, 3ADON, and 15ADON were measured using 
methods modified from Mirocha et al. (1998) and reported in ppm. Concentrations of all three 
mycotoxins were measured in the straw, and grain samples were tested only for DON 
concentrations, not the acetylated derivatives. Mycotoxin testing was performed at the University 
of Minnesota mycotoxin testing laboratory in St. Paul, Minnesota. 
Indices. Three indices were used to measure each cultivar’s performance in the FHB nursery and 
were calculated using values reported from visual characteristics and DON accumulation in the 
grain. The indices calculated were FHB index, ISK index, and DISK index. FHB index was 
calculated using the equation 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼∗𝑆𝑆𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝑆𝑆
100
 (Snijders 1990); ISK index was 
calculated as reported by Kolb and Boze (2003) by the equation 𝐼𝐼𝐼𝐼𝐼𝐼 = (0.3) ∗ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 +(0.3) ∗ 𝐼𝐼𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝑆𝑆 + (0.4) ∗ 𝐹𝐹𝐹𝐹𝐼𝐼; DISK index was calculated using the equation 𝐹𝐹𝐼𝐼𝐼𝐼𝐼𝐼 = (0.2) ∗
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 + (0.2) ∗ 𝐼𝐼𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝐼𝐼𝑆𝑆𝑆𝑆 + (0.3) ∗ 𝐹𝐹𝐹𝐹𝐼𝐼 + (0.3) ∗ 𝐺𝐺𝑆𝑆𝐺𝐺𝐼𝐼𝐼𝐼 𝐹𝐹𝐷𝐷𝐷𝐷 and was developed by 
Gilbert and Woods (2006). 
Analysis. All analyses were performed with SAS software (SAS version 9.4, SAS Institute Inc., 
Cary, NC) using the mixed model procedure (PROC MIXED). Class of resistance (Very 
Susceptible [VS], Susceptible [S], Moderately Susceptible [MS], and Moderately Resistant 
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[MR]) was considered to be a fixed effect and year and replication were considered random 
effects. Cultivars varied year to year, but in each year, all four resistance classes were 
represented (Table 3.1). Mycotoxin concentrations were log transformed (logDON = log[DON + 
1], log3DON = log[3ADON + 1], and log15ADON = log[15ADON + 1]) in order to homogenize 
variances and to account for missing data. Best linear unbiased predictors (BLUPs) were 
designed to estimate the random effects of the model, and Spearman correlation analyses were 
performed using PROC CORR SPEARMAN. Significant differences were determined using a 
Tukey’s W procedure with α = 0.05. 
 
Results 
Mycotoxin accumulation and index ratings were significantly impacted by resistance 
class in this study. For all models, the two-way interaction of year x resistance class was either 
not significant or not estimable due to it not contributing to the variance of the model (Table 3.2 
and Table 3.3). Year was not significant for levels of DON in the grain, 3ADON in the straw, 
ISK, and DISK (Tables 3.2 and 3.3). However, year was significant for DON (P = 0.05) and 
15ADON (P = 0.001) in the straw and for FHB index (P = 0.0002).  
Significant (P ≤ 0.05) differences in mycotoxin accumulation in the straw were found 
between the moderately resistant cultivars and all other resistance classes (Table 3.2). 
Significantly (P ≤ 0.05) lower levels of DON and 15ADON were found in the straw of the 
moderately resistant cultivars as compared to levels of these mycotoxins in the straw of all other 
resistance classes (Figure 3.1). The accumulation of DON was not significantly different 
between the very susceptible and the susceptible cultivars, but the accumulation of DON in these 
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classes were significantly (P ≤ 0.05) different from the accumulation of DON in the moderately 
resistant cultivars. Significant differences in the accumulation of 15ADON were not observed 
between the very susceptible and susceptible cultivars, and between the susceptible and 
moderately susceptible cultivars or across all resistance classes for the accumulation of 3ADON. 
Unlike the straw, DON accumulation in the grain was significantly (P ≤ 0.05) different among 
all resistance classes. 
Spearman correlation analyses revealed significant, positive correlations between the 
DON concentrations detected in the grain and the concentration of DON (P = <0.0001, R = 
0.33), 3ADON (P = <0.0001, R = 0.30), and 15ADON (P = 0.04, R = 0.16) detected in the straw 
across all resistance classes (Table 3.4). When separated by resistance class, DON concentration 
in the grain was not significantly correlated to any mycotoxins present in the straw for any of the 
four resistance classes. A significant, positive correlation was observed between DON and 
3ADON (P = <0.0001) concentrations in the straw, and DON and 15ADON (P = <0.0001) 
concentrations in the straw with Spearman correlation coefficients of 0.71 and 0.81, respectively 
(Table 3.5). Significant, positive correlations were also observed for DON and 3ADON 
concentrations in the straw, and DON and 15ADON concentrations in the straw for the very 
susceptible cultivars (P = <0.0001, R = 0.65 and P = <0.0001, R = 0.82, respectively), the 
susceptible cultivars (P = <0.0001, R = 0.49 and P = <0.0001, R = 0.83, respectively), the 
moderately susceptible cultivars (P = <0.0001, R = 0.73 and P = <0.0001, R = 0.75, 
respectively), and the moderately resistant cultivars (P = 0.006, R = 0.62 and P = <0.0001, R = 
0.89, respectively).  
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FHB index ratings also differed significantly across resistance classes (Table 3.3). The 
values of all indices were lower in the moderately resistant cultivars than they were in all other 
resistance classes (Figure 3.2). Significant differences (P ≤ 0.05) in FHB index values were 
observed among all resistance classes, though these differences may not be true indicators of the 
differences among the classes. A large amount of variability was unaccounted for by the model 
as is indicated by the large error term (Table 3.3). Differences in ISK and DISK values were 
observed among resistance classes, with significantly lower values observed with the moderately 
resistant cultivars compared to all other resistance classes (Figure 3.2). However, the differences 
between the very susceptible and susceptible cultivars, and between the susceptible and 
moderately susceptible cultivars were not significant for either ISK or DISK.  
Spearman correlation analyses revealed significant, positive correlations between each 
index and all three mycotoxins present in the straw. Over all resistance classes, there was a 
significant, positive correlation between FHB index and DON concentration (P = <0.0001, R = 
0.37), FHB index and 3ADON concentration (P = 0.002, R = 0.24), and FHB index and 
15ADON concentration (P = <0.0001, R = 0.33) (Table 3.6). Significant, positive correlations 
were also observed between ISK index and DON concentration (P = <0.0001, R = 0.44), ISK 
index and 3ADON concentration (P = <0.0001, R = 0.34), ISK index and 15ADON 
concentration (P = <0.0001, R = 0.32) (Table 3.7), DISK index and DON concentration (P = 
<0.0001, R = 0.45), DISK index and 3ADON concentration (P = <0.0001, R = 0.36), and DISK 
index and 15ADON concentration (P = <0.0001, R = 0.31) (Table 3.8). When separated by 
resistance class, FHB index was positively, significantly correlated to 15ADON concentration (P 
= 0.004, R = 0.41) accumulation in straw in the moderately susceptible cultivars, but no other 
correlations were significant (Table 3.6). Significant correlations were also observed between 
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ISK index and DON concentration (P = 0.02, R = 0.40), ISK index and 15ADON concentration 
(P = 0.01, R = 0.43), DISK index and DON concentration (P = 0.03, R = 0.38), and DISK index 
and 15ADON concentration (P = 0.04, R = 0.36) in the very susceptible cultivars (Table 3.7 and 
Table 3.8).  
 
Discussion 
Based on the results of this study, it was determined that resistance class is significantly 
associated with the levels of Fusarium mycotoxins present in wheat straw. Reductions in DON 
accumulation have generally been reported in cultivars with type II resistance, indicating that 
moderately resistant cultivars contribute to in lower mycotoxin accumulation in the grain (Miller 
et al. 1985; Snijders and Krechting 1992; Jiang et al. 2007). The mechanism for these reductions 
may be related to the ability of a cultivar to detoxify DON into DON-3-glucoside within the host 
(Lemmens et al. 2005), a form of DON with reduced protein inhibition. Based on this 
biochemical process, the advancement of breeding programs that develop genotypes that reduce 
DON accumulation in the grain may also result in decreases in DON accumulation in the straw 
through detoxification. 
Research by Li et al. (2010) and Ji et al. (2015) have suggested that cultivars that are 
resistant to FHB and DON accumulation in the grain may not show reductions or resistance to 
mycotoxin accumulation in the straw. The colonization of tissue of cereal crops by Fusarium 
species relies primarily on mycotoxin production, especially DON, after initial infection. By 
preventing the colonization of plant tissue by the fungus through the use of type II resistance, the 
plant, in theory, can effectively reduce mycotoxin accumulation. In this study, reductions in the 
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accumulation of DON were observed in both the grain and straw of moderately resistant 
cultivars, contradicting the observations reported in the aforementioned studies. However, 
significant reductions in mycotoxin accumulation were not observed in the straw of the very 
susceptible and susceptible cultivars. These resistance classes may not be able to sufficiently 
reduce mycotoxin concentration in the straw due to their inability to prevent the spread of 
Fusarium infection or to detoxify DON.  
The detection of 3ADON in this study may also be of concern, especially with the 
establishment of 3ADON chemotypes in the upper Midwest and across the Canadian prairies 
(Ward et al. 2008; Puri and Zhong 2010). With the 15ADON chemotype being dominant in the 
Midwest, the high levels of 15ADON found in conjunction with DON in this study were 
expected. A significant, positive correlation was observed among DON, 3ADON, and 15ADON 
concentrations in the straw in this study and was also expected because the acetylated derivatives 
of DON are all derived from the same biochemical pathway that is used to create DON. Fewer 
significant differences in mycotoxin levels among resistance classes were found in this study, 
likely because 3ADON concentrations were much lower than the concentrations of either DON 
or 15ADON in each year. Research by Alexander et al. (2011) indicated that 3ADON production 
may be related to interactions among 15ADON-producing isolates and can be present in low 
amounts as by-products of the trichothecene biochemical pathways. With ISK and DISK index 
values remaining consistent across years in this study, the low levels of 3ADON are likely not 
related to the presence of a new chemotype of F. graminearum, but rather may be the result of 
interactions among established isolates and fluctuations in disease from year to year.  
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In this study, FHB index was a poor indicator of the relationship between FHB and straw 
mycotoxin accumulation with a large amount of variability observed beyond the effects of year 
and resistance class x year. What exactly is contributing to this wide variability is unknown. It 
may be attributed to the factors present in the other indices, such as the presence of FDKs and 
DON accumulation. FDK and DON accumulation in the ISK and DISK indices significantly 
improves the models and removes a large amount of error that was present in FHB index. The 
concentration of DON in wheat grains and rachis tissue has been found to be positively 
correlated to the amount of fungal biomass present (Miller et al. 1985), also indicating that FDK 
may help to predict DON accumulation in the grain. This is especially important in situations 
where DON testing is difficult or not feasible. 
ISK index is the focus of the University of Illinois FHB nursery for the advancement of 
wheat lines resistant to Fusarium colonization and spread in the head. A relationship between 
DON accumulation in the grain and ISK was expected in this study. However, this relationship 
was very weak or non-existent within each resistance class. The reason for this may be due to 
differences in cultivars from year to year. DISK was also tested to determine its ability to 
indicate the presence of Fusarium mycotoxins in the straw. The same significant differences 
among resistance classes for mycotoxin accumulation in the straw were reported for both ISK 
and DISK, indicating that either index provides a comparable estimation of mycotoxin 
accumulation in the straw. However, the DISK index is not practical for all wheat breeding 
scenarios, especially for the advancement of winter wheat cultivars due to the timing of fall 
planting and the limited ability to complete and utilize mycotoxin analyses prior to the next 
breeding cycle. The use of DISK would be more useful in spring wheat breeding programs. The 
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ISK index allows for the advancement of FHB resistance in a timely fashion for winter wheat 
cultivars. 
Resistance class has long been established as the most effective means to prevent the 
spread of FHB and reduce the accumulation of Fusarium mycotoxins. This study supports the 
idea that moderately resistant cultivars offer significantly greater control of FHB and reduced 
mycotoxin accumulation in the grain over other resistance classes. Studies have indicated that the 
environment, as related to disease pressure, plays a large role in the effectiveness and 
performance of a cultivar in its resistance to FHB (Fuentes et al. 2005; Paul et al. 2005). In this 
study, the performance of each resistance class remained consistent across years. With no 
significant contribution of year to DON accumulation in the grain in this study, it can be 
determined that the resistance class impacted the accumulation of mycotoxins in the grain 
independent of the variability in the environment. However, with significant differences reported 
across year for mycotoxin accumulation in the straw, environment may play a role in the 
performance of a cultivar in its ability to prevent mycotoxin accumulation in the straw. 
Overall, resistance class had the largest impact on the accumulation of Fusarium 
mycotoxins in wheat straw. Although indices are commonly used for the advancement of FHB 
resistance in grain production, they may not prove to be as useful for the development of 
cultivars resistant to mycotoxin accumulation in the straw. ISK and DISK may provide more 
comprehensive estimations of Fusarium mycotoxin accumulation in the straw resulting from 
FHB. Further research into the mechanisms for DON detoxification and how Fusarium 
colonization contributes to DON accumulation in different cultivars is necessary to develop 
cultivars that are effectively resistant to mycotoxin accumulation in both the grain and the straw. 
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Tables 
Table 3.1. Cultivars and their respective resistance classes that were selected in each year of the 
study. 
Resistance Class† Cultivar Year 
MR 
07-4415 2013, 2014 
02-18228 2013, 2014 
Exc168 2011 
Exc180 2011 
MS 
Barbie9 2014 
Diener512W 2013, 2014 
Ernie 2014 
Exc166 2011 
Exc209 2011 
Exc442 2011 
KSC409W 2013, 2014 
KSC410W 2011 
KSC412W 2013 
Oakes 2011 
P25R46 2014 
Pro220 2011 
Skysail 2014 
SY1526 2011, 2013 
S 
Beck135 2011, 2013 
Exp101 2013 
Hunker 2014 
P25R34 2011, 2013, 2014 
P25R39 2011, 2013 
P25R40 2011, 2013, 2014 
P25R46 2013 
P25R62 2011, 2013 
P25R77 2013, 2014 
Pro288 2013 
Quest 2011, 2013 
Sienna 2011, 2013 
VS 
DWExp102 2011 
FS602 2014 
P25R47 2011, 2013 
PRO240 2013, 2014 
SY483 2014 
W1104 2011, 2013, 2014 
W1566 2011 
† Resistance classes were Moderately Resistant (MR), Moderately Susceptible (MS), Susceptible 
(S), and Very Susceptible (VS)
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Table 3.2. Statistical analysis of the model for Fusarium mycotoxins with reported p-values for 
all main effects and the interaction for the mycotoxin concentrations reported in the straw and 
grain. 
   Grain  Straw 
  df DON df DON 3ADON 15ADON 
Class p-value 3 0.0001 3 0.003 0.03 <0.0001 
Year p-value 2 . 2 0.05 1.00 0.001 
Class*Year p-value 6 0.64 6 1.00 1.00 . 
Error  150 0.09 149 0.23 0.12 0.19 
. Not estimable 
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Table 3.3. Statistical analysis of the models for FHB disease indices with reported p-values for 
all main effects and the interaction for all indices.  
  df FHB ISK DISK 
Class p-value 3 <0.0001 0.006 0.004 
Year p-value 2 0.0002 0.41 0.52 
Class*Year p-value 6 . 0.33 0.39 
Error  150 266.16 67.42 38.21 
. Not estimable 
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Table 3.4. Spearman correlation analysis was used to determine the correlation coefficients and 
significance of the correlations between the DON accumulation in the grain and the 
accumulation of DON, 3ADON, and 15ADON in the straw for each resistance class and overall. 
   Grain DON 
   VS† S† MS† MR† Overall 
St
ra
w
 
DON R 0.005 0.03 0.03 0.45 0.33 
 p-value 0.98 0.81 0.84 0.06 <0.0001 3ADON R -0.004 -0.09 0.18 0.13 0.30 
 p-value 0.98 0.47 0.23 0.60 <0.0001 15ADON R -0.20 0.08 -0.10 0.28 0.16 
 p-value 0.26 0.52 0.50 0.25 0.04 
† Resistance classes were Moderately Resistant (MR), Moderately Susceptible (MS), Susceptible 
(S), and Very Susceptible (VS) 
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Table 3.5. Spearman correlation analysis was used to determine the correlation coefficients and significance of the correlations 
between the accumulation of Fusarium-mycotoxins in the straw for each resistance class and overall. 
   Straw 
   VS† S† MS† MR† Overall 
   DON 3ADON DON 3ADON DON 3ADON DON 3ADON DON 3ADON 
St
ra
w
 3ADON R 0.65 -- 0.49 -- 0.73 -- 0.62 -- 0.71 -- 
 p-value <0.0001 <0.0001 <0.0001 0.006 <0.0001 15ADON R 0.82 0.39 0.83 0.36 0.75 0.33 0.89 0.60 0.81 0.47 
 p-value <0.0001 0.02 <0.0001 0.003 <0.0001 0.02 <0.0001 0.009 <0.0001 <0.0001 
† Resistance classes were Moderately Resistant (MR), Moderately Susceptible (MS), Susceptible (S), and Very Susceptible (VS) 
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Table 3.6. Spearman correlation analysis was used to determine the correlation coefficients and 
significance of the correlations between FHB index and straw mycotoxin accumulation in each 
resistance class and overall. 
   FHB Index 
   VS† S† MS† MR† Overall 
St
ra
w
 
DON R 0.17 -0.04 0.24 0.18 0.37 
 p-value 0.35 0.77 0.10 0.48 <0.0001 3ADON R -0.23 -0.03 0.13 0.07 0.24 
 p-value 0.20 0.81 0.39 0.78 0.002 15ADON R 0.27 -0.01 0.41 0.09 0.33 
 p-value 0.13 0.92 0.004 0.71 <0.0001 
 † Resistance classes were Moderately Resistant (MR), Moderately Susceptible (MS), 
Susceptible (S), and Very Susceptible (VS) 
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Table 3.7. Spearman correlation analysis was used to determine the correlation coefficients and 
significance of the correlations between ISK index and straw mycotoxin accumulation in each 
resistance class and overall. 
   ISK Index 
   VS† S† MS† MR† Overall 
St
ra
w
 
DON R 0.40 0.04 0.14 -0.22 0.44 
 p-value 0.02 0.73 0.36 0.37 <0.0001 3ADON R 0.01 -0.12 0.10 -0.10 0.34 
 p-value 0.97 0.32 0.49 0.70 <0.0001 15ADON R 0.43 0.11 0.20 -0.28 0.32 
 p-value 0.01 0.39 0.17 0.26 <0.0001 
† Resistance classes were Moderately Resistant (MR), Moderately Susceptible (MS), Susceptible 
(S), and Very Susceptible (VS) 
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Table 3.8. Spearman correlation analysis was used to determine ng the correlation coefficients 
and significance of the correlations between DISK index and straw mycotoxin accumulation in 
each resistance class and overall. 
   DISK Index 
   VS† S† MS† MR† Overall 
St
ra
w
 
DON R 0.38 0.04 0.11 -0.21 0.45 
 p-value 0.03 0.73 0.45 0.40 <0.0001 3ADON R 0.02 -0.14 0.13 -0.07 0.36 
 p-value 0.91 0.26 0.38 0.77 <0.0001 15ADON R 0.36 0.12 0.14 -0.27 0.31 
 p-value 0.04 0.33 0.36 0.28 <0.0001 
† Resistance classes were Moderately Resistant (MR), Moderately Susceptible (MS), Susceptible 
(S), and Very Susceptible (VS) 
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Figures 
Figure 3.1. Estimated mycotoxin concentrations in the straw and grain reported in parts per 
million (ppm) across all years by tissue. Values are the back-transformed concentrations of each 
mycotoxin in the indicated tissue. Letters indicate significant differences between resistance 
classes for each mycotoxin using Tukey’s W test with α = 0.05. 
 
† Resistance classes were Moderately Resistant (MR), Moderately Susceptible (MS), Susceptible 
(S), and Very Susceptible (VS) 
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Figure 3.2. Estimated index values by resistance class across all years. Letters indicate 
significant differences between resistance classes for each index using Tukey’s W test with α = 
0.05. 
 
† Resistance classes were Moderately Resistant (MR), Moderately Susceptible (MS), Susceptible 
(S), and Very Susceptible (VS) 
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CHAPTER 4: MYCOTOXIN ACCUMULATION IN WHEAT STRAW AT VARIOUS 
INTERVALS AFTER ANTHESIS IN WHEAT CULTIVARS RANGING IN 
SUSCEPTIBILITY TO FUSARIUM HEAD BLIGHT 
Abstract 
Mycotoxins are commonly associated with wheat grain affected by Fusarium head blight 
(FHB; caused by Fusarium graminearum), but little is known about their presence in straw. 
Wheat straw is used as bedding material for swine, which are sensitive to mycotoxins and may 
eat up to 4 kg of bedding per day. A field experiment in Urbana, Illinois in 2013 through 2015 
and a replicated greenhouse experiment tested for the accumulation of Fusarium mycotoxins in 
straw tissue. In the field experiment, twelve soft red winter wheat cultivars ranging in 
susceptibility to FHB were planted and whole plants were sampled from each plot 14 days after 
anthesis (DAA), 21 DAA, and 28 DAA. Plants were divided into two portions - the top and 
bottom of the stem. After harvest, stem tissue also was collected. In the greenhouse, a susceptible 
and a moderately resistant cultivar were inoculated in the head, the stem, and the crown by 
needle inoculation with a mixture of five F. graminearum isolates. Stems were portioned into the 
top and bottom sections after plant senescence, and F. graminearum DNA was quantified. 
Samples from both studies were dried, ground, and analyzed for deoxynivalenol (DON), 3-
acetyl-deoxynivalenol (3ADON), and 15-acetyl-deoxynivalenol (15ADON). Results from the 
field experiment indicated that at 28 DAA, mycotoxin concentrations significantly (P ≤ 0.05) 
differed by stem portion in susceptible cultivars with the top portion of the straw accumulating 
significantly higher DON and 15ADON than the bottom portion of the stem. The results of 
greenhouse trial indicated that mycotoxin concentrations and F. graminearum DNA 
concentration significantly (P ≤ 0.05) differed based on the point of inoculation. The Fusarium 
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graminearum DNA concentration in straw tissue was also related to mycotoxin accumulation in 
the crown inoculated treatments. Results from the field experiment indicate that cultivars with 
resistance to FHB may also have lower mycotoxin accumulation in straw tissue compared to 
cultivars susceptible to FHB and that Fusarium colonization in the crown may be related to 
mycotoxin accumulation in the straw. 
 
Introduction 
Fusarium head blight (FHB) is a devastating disease of small grain cereals around the 
world and is responsible for millions of dollars in crop losses every year (Nganje et al. 2004). Of 
primary concern are the mycotoxins produced by the Fusarium species associated with this 
disease due to their impacts on human and animal health through the inhibition of protein 
synthesis (Cundliffe et al. 1974; Cundliffe and Davies 1977). In the Midwest, Fusarium 
graminearum is the primary species of Fusarium associated with FHB (Stack and McMullen 
1985). The most prevalent mycotoxin produced by this species is deoxynivalenol (DON) and its 
acetylated derivatives 3-acetyl-deoxynivalenol (3ADON) and 15-acetyl-deoxynivalenol 
(15ADON). In the United States, DON is federally regulated by the U.S. Food and Drug 
Administration (FDA) at 2 parts per million (ppm) at grain elevators and at 1 ppm for finished 
grain products (U.S. Department of Health and Human Services: Food and Drug Administration 
2010). 
DON is known to be a pathogenicity factor of F. graminearum (Desjardins 2006) and 
allows for the spread of the fungus through the wheat head (Bai et al. 2002). Studies have largely 
focused on the accumulation of DON in the grain because of the use of grain in products 
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intended for human and animal consumption (Bai et al. 2001; Snijders 2004; Yuen and 
Schoneweis 2007; Gilbert and Tekauz 2011). DON has also been reported to accumulate in other 
tissues such as the rachis and straw (Miller et al. 1985; Sinha and Savard 1997; Rottinghaus et al. 
2009; Cowger and Arellano 2013; Ji et al. 2015). There is also the possibility that Fusarium 
crown rot (FCR), caused by several different species of Fusarium, including F. graminearum, 
could play a role in the accumulation of Fusarium mycotoxins in the straw. Akinsanmi et al. 
(2004) found that F. graminearum was an aggressive crown rotting pathogen in addition to its 
contributions to FHB. Mudge et al. (2006) indicated that mycotoxins produced by Fusarium 
species, primarily DON, may play an important role in the ability of the fungus to colonize the 
straw, resulting in significant DON accumulation. 
Wheat straw is commonly used as a bedding material for livestock. In particular, when 
wheat straw is used for bedding in swine production, the presence of Fusarium mycotoxins can 
be of concern. Swine are especially sensitive to these mycotoxins and exhibit symptoms of 
vomiting and feed refusal, resulting in reduced weight gain (Mirocha et al. 1976; Marasas et al. 
1979). In extreme cases, estrogenic syndromes can result from the consumption of these and 
other Fusarium mycotoxins (Mirocha et al. 1967; Vesonder and Hesseltine 1981).  
Several studies in recent years have focused on post-harvest straw collection to study the 
accumulation of these mycotoxins in wheat straw and their impacts on swine production 
(Rohweder et al. 2011,  2013; Nordkvist and Häggblom 2014; Häggblom and Nordkvist 2015). 
Häggblom and Nordkvist (2015) also investigated the presence of Fusarium in straw and its 
relationship to DON accumulation. In the United States, federal regulations on DON 
concentration in the grain are set at 5 ppm for use as swine feed to reduce DON exposure (U.S. 
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Department of Health and Human Services: Food and Drug Administration 2010). There are 
currently no regulations set to limit DON concentration in straw for bedding, even though swine 
are known to consume up to 4 kg of bedding per day (Dr. Hans Stein, personal communication). 
When contaminated wheat straw is used for bedding, and is coupled with contaminated grain as 
feed, the risk of mycotoxin exposure is greatly increased. 
The aforementioned studies investigated the broader implications of Fusarium mycotoxin 
accumulation in wheat straw, but they did not determine when these mycotoxins were 
accumulating in the straw during the growing season or the role of fungal colonization in this 
accumulation. The objectives of this study were: i) to determine when mycotoxins begin 
accumulating in wheat straw during the growing season; ii) to determine if mycotoxin 
accumulation during the season is impacted by the level of cultivar resistance to FHB; iii) to 
determine if the mycotoxin concentration in the straw post-harvest is significantly correlated to 
the total mycotoxin accumulation in the grain; iv) to determine if the point of infection impacts 
the accumulation of mycotoxins in the straw; v) to determine if there is an accumulation of F. 
graminearum in the straw tissue, and if there is, is there a difference in the concentration of F. 
graminearum DNA based on resistance class and/or infection point in the straw; vi) to determine 
if mycotoxin accumulation is uniform through the straw or if the top portion or bottom portion 
results in differing levels of both mycotoxins and F. graminearum DNA concentration. 
 
Materials and Methods 
Field study. A field-based study was conducted in Urbana, IL in 2013 through 2015 to test the 
accumulation of mycotoxins produced by Fusarium species in wheat straw. Twelve soft red 
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winter wheat cultivars were arranged using a randomized complete block design with four 
replications. These plots were mist-irrigated. Mist-irrigation was applied three times per day for 
one hour beginning two weeks prior to anthesis and continuing until two weeks after anthesis. 
The cultivars ranged in their susceptibility to FHB with their resistance class (listed in Table 4.1) 
determined by performance in the University of Illinois FHB nursery. 
Whole plant samples were collected from each plot 14 days after anthesis (DAA), 21 
DAA, and 28 DAA. All head and root tissue were removed leaving only the stem for each plot, 
which was then divided into a top and a bottom portion. The top straw portion was from the base 
of the head to flag leaf minus 1 and the bottom straw portion was from flag leaf minus 1 to the 
soil line (Figure 1). Stem portions were dried in a forced air drier at 32℃, and leaf tissue was 
removed. Samples were ground using a Microfine grinder (IKA Works, Inc, Wilmington, NC) 
prior to mycotoxin analysis.  
For each plot, straw and grain samples were also collected post-harvest. At this sampling 
date, only the bottom 25 cm of the straw was collected. This was done by hand-cutting the straw 
at the soil line, and trimming the straw to approximately 25 cm. Straw samples were dried in a 
forced air drier at 32℃ and ground in a Microfine grinder and portioned into 4 g representative 
samples. The grain from each plot was scored for Fusarium-damaged kernels (FDK) and was 
also divided into 25 g samples.  
Greenhouse. A greenhouse experiment was set up using a completely randomized design with 
two soft red winter wheat cultivars differing in their susceptibility to FHB, and was replicated 
four times. The cultivars used in the greenhouse study, Pioneer Brand 25R47 (susceptible) and 
BW5228 (moderately resistant), were also present in the field study and are indicated in Table 
4.1. Each plant was inoculated with a mixture of five isolates of F. graminearum, previously 
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collected from wheat exhibiting symptoms of FHB in Illinois (Table 4.2) by preparing a spore 
suspension of 50,000 spores/ml. The spore suspension was prepared by growing F. graminearum 
isolates on rifamycin-amended, half strength potato dextrose agar (PDA; Becton, Dickson and 
Company, Sparks, MD) and washing spores off the surface of the growing culture using 
sterilized deionized H2O. Spore counts were conducted using a hemocytometer. Plants were 
inoculated in the middle floret of the head and in the crown tissue at the soil line with 20 µl of 
the spore suspension using a 30 µl syringe. These inoculations were designed to simulate 
infections of F. graminearum that originate from FHB and FCR, respectively. A third set was 
inoculated in the stem at flag leaf minus 1 to ensure colonization of the straw tissue and the 
accumulation of mycotoxins. This treatment was also designed to determine the direction of 
Fusarium colonization and mycotoxin accumulation. All inoculations were performed at 
anthesis, Feekes 10.5.1 (Large 1954). Plants were watered at the base to mitigate the possibility 
of the movement of the fungus or mycotoxins through the stem via leaching. Plants were allowed 
to dry naturally to prevent the degradation of fungal DNA and to mimic natural field senescence 
of the straw. Samples were then separated into top and bottom portions as previously described 
for the field experiment. Head tissue was discarded. 
Mycotoxin analysis. Mycotoxin analysis was performed for DON, 3ADON, and 15ADON by 
the methods modified from Mirocha et al. (1998). These analyses were completed for all dried 
stem samples from the field trial and the greenhouse trial. The same analyses were conducted for 
the harvested grain. Mycotoxin testing was performed at the University of Minnesota mycotoxin 
testing laboratory in St. Paul, Minnesota. 
F. graminearum DNA quantification. DNA was extracted from ground straw samples using 
FastDNATM spin kits (MPBiomedicals, LLC, Solon, OH) according to the manufacturer’s 
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instructions. DNA was cleaned using QIAquick PCR purification kits (Qiagen Group, 
Germantown, MD), and DNA concentrations for each sample were determined using a 
NanoDrop ND-1000 Spectrophotometer (Nanodrop Technologies, Inc., Wilmington, DE). 
Samples were standardized to 5 ng of DNA in 20 µl of nuclease-free water. After 
standardization, F. graminearum DNA was quantified using a CFX series real-time PCR 
detection system (BioRad Laboratories, Hercules, California) with Tri6 primers [10F 5’ –  
TCTTTGTGAGCGGACGGGACTTTA – 3’, 4R 5’ – ATCTCGCATGTTATCCACCCTGCT – 
3’ from Bluhm et al. (2004)], a gene known for its role in DON production in F. graminearum. 
The use of this primer allowed for the assurance that the fungal DNA quantified was associated 
with F. graminearum. 
 A 5 log calibration curve was designed to calculate the concentration of F. graminearum 
DNA present in each sample. Final concentration of F. graminearum DNA was reported in pg. 
Analysis.  Mycotoxin concentrations were log transformed (logDON = log[DON + 1], 
log3ADON = log[3ADON+1], and log15ADON = log[15ADON+1]), and F. graminearum DNA 
concentrations were square-root transformed in order to homogenize the variances and correct 
for zeros present in the data set. For both experiments, all analyses were conducted in SAS 
software (SAS version 9.4, SAS Institute Inc., Cary, NC) using the mixed model procedure 
(PROC MIXED). The field experiment conducted in-season was analyzed as a randomized 
complete block design with the repeated measure of sampling time. An autogressive (1) 
variance/covariance matrix was used to analyze the repeated measures. Resistance class, straw 
portion, and sampling date were treated as fixed effects. Year, location, and block were random 
effects. Data collected at harvest were analyzed as a randomized complete block design with 
resistance class and tissue portion (straw or grain) as fixed effects and year and block as random 
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effects. Best linear unbiased predictors (BLUPS) were designed to estimate the random effects 
and interactions for each mycotoxin tested in the trial.  
The data from the greenhouse experiment was analyzed as a completely randomized 
design and blocked by year to correct for variability between trials resulting from variations in 
greenhouse conditions. Straw portion and treatment combination (resistance class by inoculation 
point) were fixed effects (Table 4.3). For example, the head inoculated, moderately resistant 
cultivar would be considered a treatment, whereas the head inoculated, very susceptible cultivar 
was considered another treatment. Year and its interactions were considered to be random 
effects. Best linear unbiased predictors (BLUPS) were designed to estimate the random effects. 
Spearman correlation analyses for mycotoxins and Fusarium graminearum DNA 
concentration for each experiment were performed using PROC CORR SPEARMAN to account 
for the missing data points. Significant differences were determined using a Tukey’s W 
procedure with α = 0.05. 
 
Results 
Field trial. The results of this study indicated that the accumulation of mycotoxins increased 
significantly in the weeks following anthesis in all resistance classes. In the analysis, minimal 
accumulation of 3ADON prevented the convergence of the model, therefore in-season 3ADON 
accumulation was unable to be analyzed. All of the results from the in-season trial refer to the 
accumulation of either DON or 15ADON. Also, the four-way interaction of year x sampling time 
x resistance class x straw portion and the three-way interaction of year x resistance class x straw 
portion were not significant, so they were removed from the model for analysis.  
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The three-way interaction of resistance class x sampling time x stem portion was 
significant for both DON (P = 0.02) and 15ADON (P = 0.001) (Table 4.4). When this three way 
interaction was sliced by sampling time, the interaction of resistance class x straw portion was 
highly significant for DON (P = <0.0001) and 15ADON (P = <0.0001) at 28 DAA. The three-
way interaction of year x sampling time x stem portion was only significant for 15ADON (P = 
0.0007). 
Significant interactions for DON accumulation were revealed in the two-way interactions 
of resistance class x sampling time (P = <0.0001), resistance class x stem portion (P = <0.0001), 
sampling time x stem portion (P = 0.02), year x resistance class (P = 0.02), year x sampling time 
(P = 0.01), and year x stem portion (P = 0.05) (Table 4.4). Figure 4.2 illustrates these 
interactions and shows that significantly greater levels of DON accumulated in the very 
susceptible cultivars than in cultivars belonging to all other resistance classes at 28 DAA. 
Significantly (P ≤ 0.05) higher levels of DON accumulation were also observed in the top 
portion of the stem in the very susceptible cultivars as compared to the levels observed in all 
other cultivars. Over all cultivars, significantly (P ≤ 0.05) higher DON concentrations were 
observed in the top portion of the stem at 28 DAA than at 14 DAA or 21 DAA, and significantly 
higher DON concentrations were detected in the top portions of the stem as compared to the 
bottom portion at any sampling time. 
For 15ADON accumulation, there were significant two-way interactions of resistance 
class x sampling time (P = <0.0001), resistance class x stem portion (P = <0.0001), sampling 
time x stem portion (P = 0.001), and year x resistance class (P = 0.0007) (Table 4.4). These 
interactions are illustrated in Figure 4.2 and indicate similar observations as were found for DON 
concentrations in the straw. Significantly (P ≤ 0.05) higher 15ADON concentration was 
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observed in the very susceptible cultivars at 28 DAA when compared to the levels observed in 
cultivars belonging to any of the other resistance classes, and a significantly (P ≤ 0.05) greater 
15ADON concentration was detected in the top portion of the stem of the very susceptible 
cultivars as compared to all other resistance classes, timings, and stem portions. A significant (P 
≤ 0.05) increase in 15ADON concentration was also observed at 28 DAA in the top portion of 
the straw versus 14 or 21 DAA and as compared to all sampling times for the bottom portion of 
the stem. 
Spearman correlation analysis revealed that there was a significant, positive correlation 
between DON accumulation in top versus the bottom portion of the straw at both 14 DAA (P = 
0.0002, R = 0.31) and 21 DAA (P = <0.0001, R = 0.45), and between 15ADON accumulation in 
the top versus the bottom portion of the stem at 21 DAA (P = 0.04, R = 0.17) (Table 4.5). By 28 
DAA, significant, positive correlations were observed between the top and bottom portion of the 
stem for DON (P = <0.0001, R = 0.77), 3ADON (P = <0.0001, R = 0.33), and 15ADON (P = 
<0.0001, R = 0.48). When grouped by resistance class, significant, positive correlations were 
observed for DON in the very susceptible (P = <0.0001, R = 0.65), susceptible (P = <0.0001, R 
= 0.54), moderately susceptible (P = <0.0001, R = 0.66), and moderately resistant cultivars (P = 
<0.0001, R = 0.65). Significant, positive Spearman correlations were also observed in all four 
resistance classes for 3ADON (P = <0.0001, R = 0.49; P = <0.0001, R = 0.46; P = 0.005, R = 
0.21; P = <0.0001, R = 0.47, respectively) and 15ADON (P = <0.0001, R = 0.56; P = <0.0001, 
R = 0.55; P = <0.0001, R = 0.37; P = <0.0001, R = 0.49, respectively). Over all resistance 
classes and sampling times, significant, positive correlations were observed between the top and 
the bottom portion of the stem for DON (P = <0.0001, R = 0.64), 3ADON (P = <0.0001, R = 
0.37), and 15ADON (P = <0.0001, R = 0.47). 
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When the grain and straw mycotoxin concentrations at harvest time were analyzed, 
significant differences were detected among resistance classes for DON (P = <0.0001), 3ADON 
(P = 0.003), and 15ADON (P = 0.008), and for the tissue portion (straw or grain) for 3ADON 
accumulation (P = 0.03) (Table 4.6). The two-way interaction of year x tissue portion (straw or 
grain) was significant for DON (P = 0.002) and 15ADON (P = 0.003), and was also significant 
for the two-way interactions of resistance class x tissue portion (straw or grain) for 3ADON (P = 
0.007) and 15ADON (P = 0.009).  
When the two-way interaction of resistance class x tissue portion at harvest was separated 
by mycotoxin, it was observed that the accumulation of DON in the grain was not significantly 
different from the accumulation of DON in the straw at harvest (Figure 4.3). Significantly (P ≤ 
0.05) greater 3ADON accumulation was observed in the straw of the very susceptible, 
susceptible, and moderately susceptible cultivars as compared to its accumulation in the grain, 
but accumulation levels were not significantly different in the moderately resistant cultivars. For 
15ADON, only the very susceptible cultivars had significantly (P ≤ 0.05) higher 15ADON 
accumulation in the straw compared to the grain. No significant differences between 15ADON 
concentrations in the grain versus the straw were detected in the susceptible, moderately 
susceptible, or moderately resistant cultivars. 
Spearman correlation analysis revealed significant, positive correlations between the 
grain and the straw over all resistance classes for DON (P = <0.0001, R = 0.75), 3ADON (P = 
<0.0001, R = 0.34), and 15ADON (P = <0.0001, R = 0.66) (Table 4.7). When broken down into 
resistance classes, significant, positive correlations between the grain and the straw were 
observed for DON and 15ADON in the very susceptible (P = 0.0001, R = 0.71; P = <0.0001, R 
= 0.72), susceptible (P = 0.0004, R = 0.67; P = <0.0001, R = 0.73), moderately susceptible (P = 
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<0.0001, R = 0.48; P = 0.0003, R = 0.45), and moderately resistant (P = <0.0001, R = 0.78; P = 
0.003, R = 0.48) cultivars, respectively. No significant correlations were observed between grain 
and straw for 3ADON. 
Greenhouse. The results from this study indicated that the portion of the straw closest to the 
inoculation point showed significantly (P ≤ 0.05) greater mycotoxin accumulation and fungal 
biomass concentration in all treatments. The three-way interaction of year x treatment x straw 
portion was not significant and was removed from the model.  
In this study, the interaction of treatment x portion significantly impacted the 
accumulation of DON (P = <0.0001), 3ADON (P = <0.0001), 15ADON (P = <0.0001), and 
fungal biomass (P = 0.0001) (Table 4.8). The interaction of year x straw portion was also 
significant for 3ADON (P = 0.005), and treatment was significant for F. graminearum DNA 
concentration (P = 0.05). The two-way interaction of treatment x stem portion indicated that 
significantly (P ≤ 0.05) greater levels of DON accumulated in the bottom portion of the stem and 
crown inoculated treatments of both cultivars, and in the top portion of the head inoculated 
treatments of both cultivars (Figure 4.4). For 3ADON and 15ADON, the top portion of the straw 
of the head inoculated treatments of both cultivars showed significantly (P ≤ 0.05) greater 
mycotoxin accumulation, and the bottom portion of the straw in the stem inoculated, moderately 
resistant cultivar showed significantly greater mycotoxin accumulation. Observations of F. 
graminearum DNA concentrations indicated that a significantly (P ≤ 0.05) greater F. 
graminearum DNA concentration was detected in the bottom portion of the crown inoculated 
treatments of both cultivars, and in the top portion of the head inoculated treatments of both 
cultivars. No significant differences were observed for F. graminearum DNA concentration 
between straw portions for the stem inoculated treatments of both cultivars.  
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Spearman correlation analyses revealed no significant correlation between mycotoxin 
accumulation in the top and bottom portions of the straw for the stem inoculated treatments of 
both cultivars, the crown inoculated, very susceptible cultivar, the head inoculated, moderately 
resistant cultivar, or over all treatments (Table 4.9).  Significant, positive correlations were 
observed between the top and bottom portion of the stem for DON concentration in the head 
inoculated, very susceptible cultivar (P = 0.009, R = 0.88) and the crown inoculated, moderately 
resistant cultivar (P = 0.04, R = 0.72). A significant, positive correlation between 15ADON 
accumulation in the top and bottom of the straw was detected in the crown inoculated, 
moderately resistant cultivar (P = 0.0003, R = 0.95), and for F. graminearum DNA 
concentration in the head inoculated, very susceptible cultivar (P = 0.003, R = 0.93). 
A significant, negative correlation was observed between F. graminearum DNA and 
DON concentration (P = 0.05, R = -0.30) over all treatments (Table 4.10). The correlation 
between F. graminearum DNA concentration and DON, 3ADON, and 15ADON was significant 
and positive for the stem inoculated, very susceptible cultivar (P = <0.0001, R = 0.96; P = 
<0.0001, R = 0.91; P = <0.0001, R = 0.88) and the crown inoculated, moderately resistant 
cultivar (P = <0.0001, R = 0.82; P = <0.0001, R = 0.84; P = 0.02, R = 0.59), respectively. 
Significant, positive correlations between F. graminearum DNA concentration and 3ADON (P = 
0.0003, R = 0.83), and F. graminearum DNA concentration and 15ADON (P = 0.01, R = 0.65) 
were detected for the crown-inoculated, very susceptible cultivar. 
 
Discussion  
Results from this study indicate that the accumulation of mycotoxins in wheat straw 
begins early in the growing season, which could be as early as 14 DAA in some cultivars. 
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Mycotoxin accumulation increased at each sampling date, indicating that mycotoxin levels likely 
increased as disease progressed. This increase in mycotoxin accumulation in green host tissue 
has broader implications, especially in cases of silage and forage production where wheat is 
green chopped and used for straw and feed. In these situations, mycotoxins could be present in 
high concentrations even though DON accumulation or FHB incidence and severity have not 
peaked.  
Other studies have reported that Fusarium mycotoxins can begin to accumulate in grain 
as early as 10 DAA (Argyris et al. 2003; Yoshida and Nakajima 2010). In both of these studies, 
DON accumulation increased as the wheat matured resulting in higher mycotoxin accumulations 
around harvest than earlier in the growing season. A study by Cowger and Arellano (2013) 
delved into the timing of when mycotoxins accumulated in the grain and rachis tissue and 
reported similar findings. Higher levels of DON were reported in the rachis tissue, directly 
connected to the straw, than in the grain with mycotoxin concentrations increasing as the season 
progressed. The strong correlation between mycotoxins present in the grain and mycotoxins 
present in the straw by harvest time, as seen in this study, may indicate that the two are not 
occurring independently of one another, but rather, they may be linked. In other words, 
mycotoxin accumulation in wheat straw may be closely related to FHB. 
At the end of the growing season, the strong correlations between DON accumulation in 
the grain and DON accumulation in the straw can prove useful if mycotoxin testing of straw 
tissue is not feasible. Much like the current FHB prediction systems, a test can be conducted 
using current information about the resistance class of a cultivar and observed mycotoxin 
accumulation in grain to help predict mycotoxin concentrations in the straw. With the presence 
of DON closely related to the presence of its acetylated derivatives, when testing indicates DON 
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accumulation, its acetylated derivatives are likely to be present and contributing to overall 
mycotoxin levels. 
Cultivar resistance to FHB also strongly impacted mycotoxin accumulation in the straw. 
Primarily, the very susceptible cultivars resulted in significantly higher mycotoxin levels over all 
other resistance classes. The levels of DON in the straw at 28 DAA and at harvest in the very 
susceptible cultivar were nearly half the regulated limits on grain for DON exposure in swine. In 
the top portion of the straw alone, almost double the concentration of DON and 15-ADON was 
detected in all resistance classes over the bottom portion of the straw, but these levels were only 
significantly greater in the very susceptible cultivars. This indicates that resistance to FHB may 
be associated with significant reductions in DON levels under field conditions. However, 
mycotoxin accumulation and Fusarium graminearum DNA concentration in the greenhouse 
assay did not indicate significant differences between cultivar classes. 
Research by Gautam and Dill-Macky (2012) suggested that DON may be leached out of 
grain tissue by free moisture events such as rain or overhead irrigation. The main question is, are 
these mycotoxins that are being deposited in the straw a result of water leaching or translocation 
through the host, or the movement and colonization of the fungus during the growing season? 
Rapid movement and translocation of DON through the wheat spike has been reported by 
Argyris et al. (2003) and Savard et al. (2000), and the same may be true for its distribution and 
accumulation in the straw. DON facilitates the spread of F. graminearum through the host tissue 
beyond the point of initial infection (Bai et al. 2001) in wheat plants exhibiting symptoms of 
FHB. This rapid movement and translocation of DON through the spike may promote the spread 
of fungal hyphae down into the straw resulting in significant DON accumulation, especially the 
portions closest to the point of infection, as was observed in this study. 
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A study by Fernandez and Jefferson (2004) found the presence of F. graminearum at low 
frequency in crown and root tissues of wheat in Saskatchewan. These isolates were primarily 
located in areas where FHB was well established. Results in a study by Bateman et al. (2007) 
support the conclusions of this study and suggested that there is a significant relationship 
between stem infection and head infection in inoculated plots. Other authors have also reported 
the presence of F. graminearum in wheat crowns and roots, though in low frequency (Akinsanmi 
et al. 2004; Mudge et al. 2006). Fusarium graminearum has even been reported to colonize stem 
tissue without inducing symptoms of infection (Mudge et al. 2006). 
The translocation of DON in wheat stems resulting from FCR was also observed 
instudies by Mudge et al. (2006) and Winter et al. (2013). Specifically, Mudge et al. (2006) 
suggested that this movement may be a result of translocation of mycotoxins through the xylem. 
In the current study, mycotoxin accumulation from infections of the crown generally remained 
localized with significantly higher accumulation detected in the bottom portion of the straw; 
although some movement of mycotoxins into the top portion of the straw tissue was observed. 
Crown inoculation in the current study occurred later than natural FCR and may account for the 
lower accumulation of mycotoxins in the top portions of the straw. 
Similar results were found in the head inoculated treatments of the greenhouse 
experiment. The moderately resistant cultivar selected for the greenhouse experiment (BW5228) 
is known to belong to the type II resistance class, resistance to fungal colonization and 
mycotoxin accumulation. However, this cultivar did not result in significantly less mycotoxin 
accumulation or fungal colonization in the straw tissue following head inoculations. In fact, 
significantly greater fungal colonization resulted in the moderately resistant cultivar over the 
very susceptible cultivar, and the reason for this increased F. graminearum DNA concentration 
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unknown. There is the possibility that resistance to fungal colonization and mycotoxin 
accumulation, though minimized in the head, is not related to resistance to fungal colonization 
and mycotoxin accumulation in the straw. The results from the greenhouse experiment also 
indicated that there is a downward movement of mycotoxins as observed in the stem inoculated 
treatment. The movement of these mycotoxins may not be via the xylem as indicated by Mudge 
et al. (2006) and Winter et al. (2013). Instead, the movement of DON, and its derivatives, down 
the stem may be a result of fungal colonization. Overall, the point of inoculation had the greatest 
impact on mycotoxin accumulation and fungal colonization, not a cultivar’s level of resistance to 
FHB.  
Several studies have indicated a correlation between DON and the presence of F. 
graminearum in affected tissues (Snijders and Perkowski 1990; Snijders and Krechting 1992; 
Gonzalez et al. 1998; Schnerr et al. 2002; Palazzini et al. 2015). However, in the current study, it 
was observed that significantly greater fungal concentration did not necessarily result in 
significant increases in DON or other mycotoxin accumulation in the same tissues. As suggested 
by Mudge et al. (2006), DON may be acting as a pathogenicity factor and accumulating in 
advance of fungal colonization of the tissue, thereby resulting in the accumulation of mycotoxins 
in host tissue prior to fungal colonization. 
Dill-Macky and Jones (2000) evaluated the presence of Fusarium species in crop residues 
and reported that residues are able to harbor F. graminearum and other FHB and FCR 
responsible fungi. This inoculum allows for optimal proximity of the fungus to crown tissue and 
allows for the development of perithecia (and ascospores) that serve as the primary inoculum 
source for F. graminearum infected wheat displaying symptoms of FHB. However, Bateman et 
al. (2007) observed that the presence of corn residues may suppress stem base infection, 
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especially FCR. This may account for the lack of reported FCR but the prevalence of FHB in the 
Corn Belt states where F. graminearum infested residues are most readily present.  
Based on results in this study, mycotoxin accumulation in the straw likely has resulted 
from FHB. Mycotoxins began to accumulate as early as 14 DAA and increased as the crop 
matured. By senescence, the accumulation of mycotoxins in the grain was directly correlated to 
mycotoxins present in the straw. Under field conditions, it was also observed that FHB resistant 
cultivars may help to reduce overall mycotoxin accumulation in both the grain and the straw. 
How fungal colonization impacts the accumulation of mycotoxins is not well understood. Much 
like DON is thought to be a pathogenicity factor for F. graminearum infection in the head, it 
may also be a pathogenicity factor for FCR and Fusarium infection of other tissues accumulating 
in advance of fungal colonization. With such an abundance of F. graminearum inoculum 
available in the Midwest, methods limiting mycotoxin accumulation in wheat straw are of great 
importance. Further work is needed to determine how other FHB control methods impact the 
accumulation of these mycotoxins in wheat straw. 
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Tables 
Table 4.1. Wheat cultivars used in the field study and their respective FHB resistance classes. 
Resistance classes were determined by performance in the University of Illinois scab nursery. 
Cultivar Resistance Class 
07-4415 
Moderately Resistant (MR) IL369-168 
02-18228† 
07-20728 
Moderately Susceptible (MS) 
Ernie 
07-24841 
07-16075 
06-14303 
99-26442 
Susceptible (S) Kaskaskia 
P25R47† 
Very Susceptible(VS) Sisson 
† cultivars used in greenhouse assay. 
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Table 4.2. Isolates used for the production of inoculum for the greenhouse study. All isolates 
were collected from wheat heads exhibiting symptoms of FHB in each respective year. 
Isolate Collection Year Species 
10FG111 2010 F. graminearum 
11FG17 2011 F. graminearum 
12FG8 2012 F. graminearum 
12FG19 2012 F. graminearum 
12FG29 2012 F. graminearum 
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Table 4.3. Treatment combinations used for the greenhouse experiment. Treatments were the 
combination of cultivar and inoculation point. 
Cultivar Inoculation Treatment 
P25R47 
Crown 1 
Stem 2 
Head 3 
BW5228 
Crown 4 
Stem 5 
Head 6 
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Table 4.4. Analysis of variance for the in-season sampling of the field study for DON and 
15ADON concentrations in the straw.  
Effect† Slices‡ df  DON 15ADON 
Y  2 P-value 0.67 0.93 
C  3 P-value 0.01 0.06 
T  2 P-value 0.06 0.04  
P  1 P-value 0.17 0.12 
C*T  6 P-value <0.0001 <0.0001 
 C*T1 3 P-value 0.23 0.94 
 C*T2 3 P-value 0.08 0.70 
 C*T3 3 P-value 0.0001 0.0001 
C*P  3 P-value <0.0001 <0.0001 
T*P  2 P-value 0.02 0.03 
 T1*P 1 P-value 0.32 0.70 
 T2*P 1 P-value 0.54 0.49 
 T3*P 1 P-value 0.03 0.005 
C*T*P  6 P-value 0.02 0.001 
 C*T1*P 7 P-value 0.27. 0.98 
 C*T2*P 7 P-value 0.18 0.86 
 C*T3*P 7 P-value <0.0001 <0.0001 
Y*C  6 P-value 0.02 0.0007 
Y*T  4 P-value 0.01 0.36 
Y*P  2 P-value 0.05 0.65 
Y*T*P  4 P-value 0.62 0.0007 
† Y = year, C = resistance class, T = sampling time, and P = straw portion. 
‡ T1, T2, and T3 refer to 14 DAA, 21 DAA, and 28 DAA, respectively. 
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Table 4.5. Correlation analyses of in-season sampling of the field study by sampling time, resistance class, and overall. 
   Top 
   14 DAA 21 DAA 28 DAA VS S MS MR Overall 
B
ot
to
m
 
DON R 0.31 0.45 0.77 0.65 0.54 0.66 0.65 0.64 
 p-value 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 3ADON R . -0.03 0.33 0.49 0.46 0.21 0.47 0.37 
 p-value . 0.72 <0.0001 <0.0001 <0.0001 0.005 <0.0001 <0.0001 15ADON R 0.16 0.17 0.48 0.56 0.55 0.37 0.49 0.47 
 p-value 0.06 0.04 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 . Not estimable
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Table 4.6. Analysis of variance for the sampling of the field study after harvest using grain and 
straw as the portions indicated. 
Effect† df  DON  3ADON  15ADON 
Y 2 P-value 0.24  1.00  0.98 C 3 P-value <0.0001  0.003  0.008 P 1 P-value 0.28  0.03  0.13 C*P 3 P-value 0.66  0.007  0.009 Y*C 6 P-value .  .  0.97 Y*P 2 P-value 0.002  0.23  0.003 Y*C*P 4 P-value 1.00  0.59  0.35 Error   0.15  0.02  0.06 
† Y = year, C = resistance class, and P = portion (grain or straw). 
. Not estimable 
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Table 4.7. Correlation analyses of the field study after harvest analyzed by resistance class and over all classes. 
   Grain 
   VS S MS MR Overall 
St
ra
w
 
DON R 0.71 0.67 0.48 0.78 0.75 
 p-value 0.0001 0.0004 <0.0001 <0.0001 <0.0001 
3ADON R 0.10 0.32 0.03 0.27 0.34 
 p-value 0.64 0.13 0.79 0.11 <0.0001 
15ADON R 0.72 0.73 0.45 0.48 0.66 
 p-value <0.0001 <0.0001 0.0003 0.003 <0.0001 
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Table 4.8. Analysis of variance for the greenhouse study for DON, 3ADON, 15ADON, and Fusarium graminearum DNA 
concentrations in the straw. 
Effect df  DON 3ADON 15ADON 
Fusarium graminearum 
DNA concentration 
Y 2 P-value . . 0.12 0.77 
Trt 2 P-value 0.12 0.17 0.20 0.05 
P 1 P-value 0.73 0.77 0.46 0.27 
Trt*P 6 P-value <0.0001 <0.0001 <0.0001 0.0001 
Y*Trt 4 P-value 0.88 0.85 0.81 1.00 
Y*P 2 P-value . 0.005 0.16 0.11 
Error   0.39 0.23 0.57 1.30 
† Y = year, Trt = treatment combination (Cultivar x Inoculation Point), and P = straw portion. 
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Table 4.9. Spearman correlation analyses of the greenhouse study analyzed by treatment and over all treatments. The correlation 
coefficients represent the correlation between the mycotoxins and Fusarium graminearum DNA concentration in the top portion of the 
straw versus the same mycotoxin or Fusarium graminearum DNA concentration and its accumulation in the bottom portion of the 
straw.  
   Top 
   Very Susceptible† Moderately Resistant† Overall    Crown‡ Stem‡ Head‡ Crown‡ Stem‡ Head‡ 
B
ot
to
m
 
DON R 0.07 -0.43 0.88 0.72 0.18 0 -0.14 
 p-value 0.88 0.34 0.009 0.04 0.70 1 0.39 
3ADON R 0.61 -0.32 0.63 0.38 0.09 -0.67 -0.02 
 p-value 0.14 0.48 0.13 0.35 0.85 0.10 0.88 
15ADON R 0.29 0.50 0.67 0.95 0.04 -0.11 0.13 
 p-value 0.53 0.25 0.10 0.0003 0.94 0.81 0.40 
Fusarium 
graminearum 
DNA 
R -0.32 -0.21 0.93 0.33 0 0.25 -0.28 
p-value 0.48 0.64 0.003 0.42 1 0.59 0.07 
† Very susceptible (Pioneer Brand P25R47) and moderately resistant (BW5228) cultivars  
‡ Inoculation point 
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Table 4.10. Spearman correlation analyses of the greenhouse study analyzed by treatment and over all treatments between Fusarium 
graminearum DNA concentration and the levels of each of the three mycotoxins. 
   Fusarium graminearum DNA 
   Very Susceptible† Moderately Resistant† 
Overall    Crown‡ Stem‡ Head‡ Crown‡ Stem‡ Head‡ 
M
yc
ot
ox
in
 
DON R 0.20 0.96 0.40 0.82 0.52 0.41 -0.30 
 p-value 0.49 <0.0001 0.16 <0.0001 0.06 0.15 0.05 
3ADON R 0.83 0.91 0.39 0.84 0.48 0.47 -0.26 
 p-value 0.0003 <0.0001 0.17 <0.0001 0.08 0.09 0.10 
15ADON R 0.65 0.88 0.27 0.59 0.47 0.51 -0.01 
 p-value 0.01 <0.0001 0.36 0.02 0.09 0.06 0.96 
† Very susceptible (Pioneer Brand P25R47) and moderately resistant (BW5228) cultivars  
‡ Inoculation point 
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Figures 
Figure 4.1. Samples were portioned into the top and bottom portions of the stem. Top portion 
was the segment of stem from below the head to approximately flag leaf minus 1 and the bottom 
portion was the segment of the stem from flag leaf minus 1 to the soil surface. No head or root 
tissue was included.  
Top
 Flag leaf -1 
Flag leaf 
Bottom
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Figure 4.2. Significant two-way interactions of the models for DON and 15ADON 
accumulation. Each graph represents the analysis of the levels of DON and 15 ADON by 
resistance class at each sampling time (A and B), by resistance class in each portion (C and D), 
and by straw portion at each sampling time (E and F). Significance is indicated by the letters 
associated with each bar of each graph with significance set at α = 0.05 using a Tukey 
adjustment. Concentrations reported are back-transformed data. 
A B 
C D 
E F 
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Figure 4.3. Significant two-way interactions of resistance class by tissue for the models for DON 
(A), 3ADON (B), and 15ADON (C) levels after harvest. Significance is indicated by the letters 
associated with each bar of each graph with significance set at α = 0.05 using a Tukey 
adjustment. Concentrations reported are back-transformed data.  
 
 A 
B 
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Figure 4.4. Significant two-way interaction of mycotoxin levels (or Fusarium graminearum 
DNA concentration) by the stem portion (for each cultivar) for the crown (A), stem (B), and head 
(C) inoculations in the greenhouse experiment. Significance is indicated by the letters associated 
with each bar of each graph with significance set at α = 0.05 using a Tukey adjustment. 
Concentrations reported are back-transformed data.
 
 
A 
B 
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CHAPTER 5: A SURVEY OF FUSARIUM SPECIES ASSOCIATED WITH WINTER 
WHEAT ROOTS IN ILLINOIS 
Abstract 
Fusarium species are common cereal pathogens responsible for infection of root and 
crown tissues in wheat worldwide. The most common pathogens associated with these diseases 
are F. culmorum and F. pseudograminearum. These pathogens are known to produce 
deoxynivalenol (DON), a mycotoxin that is detrimental to both human and animal health, and the 
pathogens could serve as a means by which DON is present in wheat straw. A survey of winter 
wheat roots was conducted in Illinois to determine the Fusarium species present on these roots 
and if these species produce DON. Recovered isolates were identified to species using TEF 1-α 
primers specific to species of Fusarium, and identities were verified using the Fusarium Multi-
Locus Sequence Typing (MLST) database. The primary species associated with winter wheat 
roots was F. acuminatum, which comprised almost 60% of all Fusarium isolates collected across 
the state. Other species isolated included F. graminearum (10.8%), F. sporotrichoides (10.1%), 
and isolates from the F. incarnatum-equiseti species complex (5.7%). Nematode soil assays 
revealed the presence of lesion (Pratylenchus spp.), spiral (Helicotylenchus spp.), and cyst 
(Heterodera spp.) nematode populations in 97.8% of the fields surveyed. Nematode populations 
were not associated with the species of Fusarium that were recovered. Since F. culmorum and F. 
pseudograminearum were not isolated in this study, Fusarium root and crown rot by these 
species may not be primary diseases of wheat in Illinois. The recovery of F. graminearum in this 
study indicates that this species may contribute to the production of mycotoxins in wheat straw. 
The species of Fusarium isolated in this study have the potential to become aggressive root 
rotting pathogens when environmental conditions are conducive to disease development.  
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Introduction 
Fusarium root rot (FRR) and Fusarium crown rot (FCR) are important disease complexes 
of cereal crops worldwide and are most commonly associated with F. culmorum and F. 
pseudograminearum, respectively (Summerell and Burgess 1988; Akinsanmi et al. 2004; 
Backhouse et al. 2004; Scherm et al. 2013). In the United States, FCR and FRR are economically 
important diseases in the Pacific Northwest where they can cause yield losses through the 
underdevelopment or absence of grain (Cook 1970; Smiley 2002; Tunali et al. 2008). In this 
region, these diseases often result in stunted plants and “white heads” after total plant death. In 
other areas of the United States, the aboveground parts of plants effected by FCR and FRR have 
been reported to be asymptomatic (Strausbaugh et al. 2004), making their economic impacts less 
apparent.  
Root surveys in the Pacific Northwest have indicated that F. pseudograminearum and F. 
culmorum are the dominant FCR and FRR pathogens present, respectively (Smiley and Patterson 
1996; Smiley 2002; Strausbaugh et al. 2004, 2005; Moya-Elizondo et al. 2011), but they have 
only been isolated at low frequencies in other areas of North America (Hill et al. 1983; Specht 
and Rush 1988; Gonzalez and Trevathan 2000). Other species associated with these complexes 
include F. acuminatum (Hill et al. 1983; Gonzalez and Trevathan 2000; Strausbaugh et al. 2005), 
F. equiseti (Fedel-Moen and Harris 1987; Specht and Rush 1988), F. graminearum (Windels and 
Holen 1989; Fernandez and Chen 2005), and F. oxysporum (Smiley and Patterson 1996). 
Many of the Fusarium species associated with the FCR and FRR complexes are known to 
produce mycotoxins that are harmful to human and animal health. These mycotoxins include, but 
are not limited to, deoxynivalenol (DON), nivalenol, T-2 toxin, and the fumonisins. DON, in 
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particular, is a pathogenicity factor associated with F. graminearum and F. culmorum and helps 
in the spread of fungal mycelium through wheat tissue (Desjardins et al. 1996; Harris et al. 1999; 
Bai et al. 2002). This mycotoxin has been studied extensively for Fusarium head blight (FHB), a 
prevalent disease of wheat in the Midwest, and is regulated by the Food and Drug Administration 
(FDA) in grain products and animal feed (U.S. Department of Health and Human Services: Food 
and Drug Administration 2010). Research by Mudge et al. (2006) has suggested that stem 
colonization by Fusarium species may also be facilitated by DON production during crown 
infection. Several studies have reported the accumulation of this mycotoxin in the stem of wheat 
plants following these infections (Mudge et al. 2006; Covarelli et al. 2012; Winter et al. 2013). 
Fusarium species associated with FCR are known to cause symptoms of infection up to the 
second or third node (Summerell and Burgess 1988; Scherm et al. 2013) and symptoms have 
been observed as high as the sixth node (Burgess et al. 1981). 
Smiley (2002) reported that fungi associated with FCR and FRR are “unspecialized” and 
can colonize any plant tissue, so long as the environmental conditions are favorable for infection. 
Any of the species associated with FHB can contribute to the FCR and FRR complexes in the 
wheat growing regions (Akinsanmi et al. 2004; Scherm et al. 2013), and these diseases have been 
reported to occur in conjunction with one another (Marasas et al. 1988; Akinsanmi et al. 2004). 
Fusarium graminearum, the predominant pathogen associated with FHB in the Midwest, is 
favored by moderate to high summer rainfall and warmer temperatures for its growth and 
proliferation, and is generally not associated with root infection (Cook 2010). However, severe 
FCR can result from infection by this species when conditions are optimal (Akinsanmi et al. 
2004). Crop residues can harbor this pathogen and allow for infection of the roots and crown in 
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young, vulnerable winter wheat plants, increasing the threat of crown and root rot infection by F. 
graminearum in Illinois. 
Research has suggested that nematode feeding, especially by lesion nematodes, may also 
facilitate the colonization of wheat roots by Fusarium species (Taheri et al. 1994). Lesion 
nematodes (Pratylenchus species) are known to reduce the ability of wheat plants to extract 
water and nutrients from the soil, increasing the water and nutrient stress on the plant (Smiley 
and Machado 2009; Thompson et al. 2012). Under such stressed conditions, wheat becomes 
more susceptible to infection by the species of Fusarium associated with FCR and FRR 
(Papendick and Cook 1974; Chekali et al. 2011). 
Identification of Fusarium species in root tissues has not been the focus of research in the 
Midwest since the early 1990s (Leslie et al. 1990). The aims of this study were: i) to determine 
the species of Fusarium most commonly found in conjunction with the roots of young winter 
wheat in Illinois; ii) to determine if the species present have the potential to contribute to DON 
accumulation in the straw; and iii) to determine if nematode populations are correlated to the 
presence of Fusarium species in the roots. 
 
Materials and Methods 
Field survey. A survey was conducted in 2014 and 2015 and consisted of 45 randomly selected 
winter wheat fields in 28 counties throughout the state of Illinois. Sampling was carried out when 
the wheat plants were at Feekes growth stage 4 (Large 1954), approximately Zadoks growth 
stage 30 (Zadoks et al. 1974). To ensure that a diverse cross-section of the state was obtained, no 
more than two fields per county were sampled, and sampling was spread over three regions of 
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the state: northern, central, and southern (Figure 5.1). Whole plant samples were collected using 
a zig-zag pattern with ten collection points from a 30 meter transect in each field. Crop residue 
types and site elevawere also recorded for each field when possible (Table 5.1). 
Fungal isolation. Plant samples were thoroughly washed to remove soil and other particulates 
from the roots. The aboveground portions were separated from the roots by trimming the green 
tissue at the crown. Root systems were then surface disinfested in a 0.825% sodium hypochlorite 
solution and triple rinsed with sterile deionized water. Full root systems were placed onto 
modified Nash-Snyder medium (MNSM) (Nash and Snyder 1962) and allowed to grow for 5 
days at 25℃, at which time putative Fusarium isolates were subcultured. Isolates were grown in 
carboxylmethylcellulose (Sigma-Aldrich, Inc., St. Louis, MO) broth on a rotary shaker at 200 
rpm to promote spore formation and subsequently single-spored onto rifamycin-amended potato 
dextrose agar (PDA; Becton, Dickson and Company, Sparks, MD). Mycelial plugs were then 
transferred to potato dextrose broth (Difco Laboratories, Inc., Detroit, MI) and grown at 25℃ for 
7 days on a rotary shaker at 100 rpm. Fungal tissue was strained from the broth solution and 
placed into 1.5ml lysing tubes, and DNA extraction was performed using FastDNATM spin kits 
(MPBiomedicals, LLC, Solon, OH) according to the manufacturer’s instructions.  
Genomic DNA was diluted to 1:50 (DNA: nuclease-free water) in preparation for PCR. 
For this analysis, diluted genomic DNA was amplified using the TEF 1-α primer pair, EF1 (5’ – 
ATGGGTAAGGARGACAAGAC – 3’) and EF2 (5’ – GGARGTACCAGTSATCATG – 3’), 
which is specific for the genus Fusarium (O’Donnell et al. 1998) with a product size of 
approximately 700 base pairs (bp). PCR reactions were performed in a 25 µl mixture containing 
12.5 µl of GoTaq Green Master Mix 2X (Promega Corporation, Madison, WI), 1 µl each of EF1 
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and EF2 primers, 7.5 µl of nuclease-free water, and 3 µl of template DNA. PCR amplification 
was performed in a 2720 thermal cycler (Applied Biosystems, Foster City, CA) using the 
following cycle parameters: initial denaturation at 94℃ for 90 s, followed by 35 cycles of 
denaturation at 94℃ for 30 s, annealing at 55℃ for 30 s, extension at 68℃ for 90 s, and a final 
extension at 68℃ for 5 min.  
After amplification, 3 µl aliquots of PCR products were confirmed on a 1% agarose gel 
stained with GelRed Nucleic Acid Stain (Phoenix Research, Candler, NC) and viewed with a 
GelCam 310 camera attached to a GelDoc-It2 Imager (UVP, LLC, Upland, CA). PCR products 
of the isolates that amplified the 700bp EF1-EF2 fragment were then cleaned using the Wizard 
SV Gel and PCR cleanup system (Promega Corporation, Madison, WI) following the 
manufacturer’s instructions.  
Identification. Purified PCR products were sequenced using a Big Dye Terminator v.3.1 
(Applied Biosystems, Foster City, CA) sequencing protocol. Big Dye PCR reactions were 
performed in an 11 µl mixture containing 1 µl of Big Dye, 2 µl of 5x buffer, 4 µl of 5M betaine, 
1 µl of EF22U primer (5’ – AGGAACCCTTRCCGAGCTC – 3’), and 3 µl of purified PCR 
product. EF22U is a degenerate primer for an internal segment of the EF1-EF2 region and is 
approximately 450bp long. Big Dye thermos-cycling sequencing reactions were run on a Bio-
Rad MJ Research PTC-200 DNA Engine thermal cycler (Bio-Rad Laboratories, Inc., Hercules, 
CA) using the following cycle parameters: initial denaturation at 96℃ for 1 min, followed by 34 
cycles of denaturation at 96℃ for 15 s, annealing at 50℃ for 5 s, extension at 60℃ for 4 min. 
The Big Dye PCR products were then cleaned using an ethanol evaporation method to remove 
buffers, excess primer, and Big Dye Master Mix while leaving the DNA with fluorescent bases 
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to be sequenced. Sequences were generated on an Applied Biosystems 3730XL high-throughput 
capillary sequencer at the Keck Center at the University of Illinois at Urbana-Champaign. 
Sequences were analyzed and trimmed to an approximately 450 bp size using Sequencher 
version 5.4.1 software (Gene Codes Corporation, Ann Arbor, MI). Trimmed sequences were run 
through the Fusarium Multi-Locus Sequence Typing (MLST) database (O’Donnell et al. 2015) 
to determine the identity of each isolate. Sequences were then aligned in Mega7 (Kumar et al. 
2016) using a ClustalW algorithm with a transition weight of 0.5 and a delayed divergence cutoff 
of 30%. Phylogenetic trees were constructed in Mega7 using a maximum likelihood method with 
the following parameters: 1000 iterations for bootstrap analysis, a Tamura-Nei substitution 
model, uniform rates among sites, partial deletion of gaps, and a 95% missing data cutoff. 
Reference sequences of the following Fusarium species were downloaded from the Fusarium 
MLST database and were included as part of the analysis: F. acuminatum (GQ505420), F. 
graminearum (AF212459), F. sporotrichoides (GQ915514), F. verticilloides (AF160262), the F. 
oxysporum species complex (AF008479), the F. solani species complex (FJ240351), the F. 
incarnatum-equiseti species complex (GQ505600), and the Gibberella fujikuroi species complex 
(Record #2727). 
Nematodes. The soil samples collected at each site were used to identify nematode populations 
present and to determine if their populations were related to residue types or the Fusarium 
isolates recovered. Soil samples were collected in conjunction with the plant samples at each 
sampling point. Soil was assayed only for vermiform nematode populations using a sieving and 
sugar centrifugation from methods modified from Coolen and d’Herde (1972). Population counts 
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were assessed based on 100cc samples of soil and performed through the University of Illinois 
Plant Clinic. 
 
Results 
Fusarium species. Fusarium species were isolated from 37 of the 45 fields sampled. A total of 
ten Fusarium species were isolated from all regions. Fusarium acuminatum accounted for 60.8% 
of all the Fusarium isolates recovered (Table 5.2). This species was distributed throughout all 
regions sampled in this study and was not related to the residues present at the soil surface. Other 
species isolated included F. graminearum (10.8%), F. sporotrichoides (10.1%), and isolates 
belonging to the F. incarnatum-equiseti species complex (5.7%). These four species will 
henceforth be referred to as the primary Fusarium species. The six remaining species, F. 
oxysporum (3.2%), F. tricinctum (3.2%), F. solani (2.5%), F. verticilloides (1.9%), F. 
proliferatum (1.3%), and F. fujikuroi (0.6%), constituted less than 10% of all isolates collected. 
These six species will henceforth be referred to as the secondary Fusarium species and will be 
identified as Fusarium spp. in all figures. 
When divided by region, F. acuminatum was still the most commonly isolated species in 
each region (Table 5.2). Fewer Fusarium isolates were recovered from the northern region of the 
state than from the central or southern regions. With wheat more commonly grown in the central 
and southern regions of Illinois, more fields were selected for wheat sample collections in these 
areas as compared to the northern region.  
In the northern region of the state, six Fusarium species were identified from the isolates 
recovered. Of the primary Fusarium spp. recovered, F. acuminatum comprised 74.4% of the 
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isolates recovered, followed by F. graminearum (7.7%) and an isolate from the F. incarnatum-
equiseti complex (2.6%). Fusarium sporotrichoides was not recovered in this region. Of the 
secondary Fusarium spp. recovered, three of these, F. verticilloides (7.7%), F. oxysporum 
(5.1%), and F. tricinctum (2.6%), were recovered in the northern region (Figure 5.2). 
In the central region of the state, seven Fusarium species were identified from the isolates 
recovered. Of the primary Fusarium spp. recovered, F. acuminatum comprised 66.7% of the 
isolates recovered, followed by F. graminearum (15.8%) and isolates from the F. incarnatum-
equiseti complex (5.3%). Fusarium sporotrichoides was also not recovered in this region. Of the 
secondary Fusarium spp. recovered, four of these, F. oxysporum (3.5%), F. solani (3.5%), F. 
tricinctum (3.5%), and F. fujikuroi (1.8%), were recovered in the central region (Figure 5.2). 
In the southern region of the state, eight Fusarium species were identified from the 
isolates recovered. Of the primary Fusarium species recovered, F. acuminatum comprised 46.8% 
of the isolates recovered, followed by F. sporotrichoides (25.8%), F. graminearum (8.1%) and 
isolates from the F. incarnatum-equiseti complex (8.1%). Fusarium sporotrichoides was 
recovered in this region, and 75% of these isolates were recovered from fields where corn 
residues were present. Of the secondary Fusarium spp. recovered, four were recovered in the 
southern region – namely F. proliferatum (3.2%), F. solani (3.2%), F. tricinctum (3.2%), and F. 
oxysporum (1.6%) (Figure 5.2). 
Phylogenetic analysis of the TEF1-α primer pair allowed for the classification of 
recovered isolates into well-organized clades. A total of 158 isolates were analyzed for their 
phylogenetic relationship to six reference sequences from the Fusarium MLST database (Figure 
5.3). Fusarium acuminatum and F. tricinctum, members of the F. tricinctum species complex, 
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comprised 101 isolates and grouped into two distinct clades. Species were inter-mixed together 
in both clades with the F. tricinctum species complex (GQ505420) reference sequence clustering 
with 57 of these isolates.  
The remaining 57 isolates not identified as part of the F. tricinctum species complex 
grouped together with the remaining seven reference sequences with a 99% bootstrap support 
value. Forty-two of these isolates clustered into a clade comprising the F. sambucium species 
complex (F. graminearum and F. sporotrichoides) and the F. incarnatum-equiseti species 
complex (Figure 5.4). The sixteen isolates identified as F. sporotrichoides via the Fusarium 
MLST database clustered together into a clade with a 99% bootstrap support value, but did not 
cluster together with the F. sporotrichoides reference sequence (GQ915514). This reference 
sequence clustered with the two other species with a 95% bootstrap support value. The seventeen 
isolates identified as F. graminearum clustered with the F. graminearum reference sequence 
(AF212459) with a 77% bootstrap support value. Also, the nine isolates from the F. incarnatum-
equiseti species complex clustered with the reference sequence for the F. incarnatum-equiseti 
species complex (GQ505600) with a 99% bootstrapping value.  
The remaining 15 isolates clustered into a clade with a 96% bootstrap support value 
comprising the species F. fujikuroi, F. oxysporum, F. proliferatum, F. solani , and F. 
verticilloides (Figure 5.4). The reference sequences for the F. solani species complex 
(FJ240351), the G. fujikuroi species complex (Record #2727), the F. oxysporum species complex 
(AF008479), and F. verticilloides (AF160262) also clustered into this clade. However, only the 
reference sequence for the F. solani species complex clustered with the four F. solani isolates 
recovered with a bootstrap support value of 100%. The three isolates identified as F. 
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verticilloides clustered with a bootstrap support value of 99%, the five isolates identified as F. 
oxysporum clustered with a bootstrap support value of 95%, and the isolates identified as F. 
proliferatum and F. fujikuroi, members of the G. fujikuroi species complex, clustered with a 
bootstrap support value of 99%.  
Nematode populations. Results of the nematode population analysis indicated the presence of 
eight different genera of nematodes, with the majority of fields having lesion (Pratylenchus 
spp.), spiral (Helicotylenchus spp.), and cyst (Heterodera spp.) nematodes. Many fields in this 
survey were found to contain high levels of cyst nematode juveniles and lesion nematodes. Only 
low levels of spiral nematodes were present, but these were found in nearly all fields sampled. 
Fields and their respective nematode populations are reported in Table 5.3. The nematode 
population in a field was not a strong indicator of the number of Fusarium isolates recovered 
(Table 5.3). In other words, a high lesion nematode population was not associated with more 
Fusarium isolates. 
Of the fields with high cyst nematode juvenile populations, eleven of the sixteen were 
associated with soybean residues. In the northern region, cyst nematode populations were 
detected in eight fields, with high population levels in seven of these (Table 5.3). In the central 
region, cyst nematodes were detected in only five fields, four of which had high population 
levels. In the southern region, cyst nematode populations were detected in ten fields, five of 
which had moderate population levels and five of which had high population levels. Overall, cyst 
nematode populations were detected in 23 out of the 45 fields surveyed, and only two of these 
fields had low population levels. Information regarding egg or cyst numbers were not collected, 
so true cyst nematode populations in the fields surveyed are not reported. 
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Discussion 
In this study, winter wheat roots were sampled to determine the species of Fusarium 
present in wheat fields in Illinois. Our results identified F. acuminatum as the predominant 
species. This is not the first study in the United States to report high levels of F. acuminatum 
from wheat roots. Other studies have recovered F. acuminatum in Wyoming (Hill et al. 1983), 
Minnesota (Windels and Wiersma 1992), Mississippi (Gonzalez and Trevathan 2000), and Idaho 
(Strausbaugh et al. 2005). This species is generally considered a secondary pathogen, usually 
following wounding of root tissues or other root infections (Tinline 1977; Gonzalez and 
Trevathan 2000). 
The three species that also contributed to approximately 25% of all Fusarium isolates 
included F. graminearum, members of the F. incarnatum-equiseti species complex, and F. 
sporotrichoides, which are commonly associated with crop residues (Sturz and Johnston 1985; 
Fernandez and Jefferson 2004). In this study, residues played a large role in the recovery of F. 
sporotrichoides. Almost 75% of F. sporotrichoides isolates were associated with corn residues, 
and this species occurred exclusively in the southern region where very high amounts of corn 
residues were present.  
Members of the F. incarnatum-equiseti species complex are commonly associated with 
crop residues as saprophytes and are not considered to be pathogenic on wheat roots (Pitt and 
Hocking 1997). Fusarium equiseti is a known soil inhabitant, but is generally considered to be a 
weak pathogen of cereal crops. Much like F. acuminatum, F. equiseti is considered to be a 
secondary pathogen and generally follows wounding or other root infections. This species is 
highly dependent upon residues for its survival and is influenced by whether or not these 
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residues are incorporated into the soil (Bateman et al. 1998). Fernandez et al. (2008) reported 
that both cereal and non-cereal residues can harbor this species and, when combined with the 
current crop, can increase inoculum sources. 
Fusarium graminearum is also associated with crop residues and, though recovered in 
this study, it accounted for only 10.8% of all Fusarium species isolated from the roots. This 
species has been reported to move via seed, and can transfer from seeds to roots, crowns, and 
stems of a wheat plant (Duthie and Hall 1987; Marasas et al. 1988). Fusarium graminearum is a 
well-established pathogen, causing FHB in the Midwestern United States, but its presence or 
effect on wheat roots is not well understood. A study by Akinsanmi et al. (2004) was conducted 
to determine the aggressiveness of F. graminearum isolates recovered from wheat plants and 
found that more aggressive FCR isolates were recovered when wheat followed wheat, and more 
aggressive FHB isolates were recovered when wheat followed corn. Cereal rotations or wheat 
monoculture increases the inoculum levels of the Fusarium species responsible for Fusarium root 
rot (Scherm et al. 2013), and although wheat can cope with root rot much better than corn, root 
rot still can contribute to significant yield reductions (Govaerts et al. 2006). With the corn-
soybean rotation being the primary rotation regime in Illinois, soil-inhabiting wheat pathogens 
may be less likely to build up in the soil. However, the Fusarium species associated with corn 
and soybean residues can contribute to the presence of other Fusarium diseases that are 
detrimental to wheat production. 
In recent years, Fusarium mycotoxins, primarily DON, have been associated with the 
straw tissue of wheat. Wheat straw is commonly used as bedding for swine, which are especially 
sensitive to Fusarium mycotoxins, and can eat up to 4 kg of bedding per day (Dr. Hans Stein, 
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personal communication). Fusarium graminearum produces DON and has the potential to 
contribute to mycotoxin accumulation in the straw through the colonization of wheat roots and 
crown tissue (Mudge et al. 2006; Covarelli et al. 2012; Winter et al. 2013). Previous studies have 
indicated that DON plays a role in the colonization of the stem by Fusarium species (Mudge et 
al. 2006), and this hypothesis was supported by the research results described in Chapter 4. In 
this study, F. graminearum isolates were recovered from several survey sites, accounting for 
10.8% of all isolates recovered. Many of these isolates were recovered in conjunction with corn 
residues, another host of the pathogen. Research by Akinsanmi et al. (2004) also indicated the 
same isolate of F. graminearum can be responsible for both crown rot and FHB, potentially 
allowing for the establishment FCR and FRR in Illinois. 
Fusarium graminearum is responsible for corn stalk rots and ear rots and is readily 
present in these residues, but it is not known to cause significant diseases of soybean. However, 
F. graminearum has been isolated in conjunction with soybean plants in many studies (Warren 
and Kommedahl 1973; Anderson et al. 1988; Leslie et al. 1990; Dill-Macky and Jones 2000; 
Martinelli et al. 2004). Fernandez and Fernandas (1990) studied the ability of wheat pathogens to 
survive on soybean residues under field conditions and they found that soybeans were an 
extremely good host for F. graminearum.  
Other species isolated were pathogens of corn (F. verticilloides and F. proliferatum) or 
those considered to be soil inhabitants (F. solani and the F. incarnatum-equiseti species 
complex) (Domsch et al. 1980). In this study, the results from the phylogenetic analysis showed 
genetic dissimilarities between the F. oxysporum species recovered and the F. oxysporum species 
complex reference sequence. With the F. oxysporum complex encompassing a broad range of 
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species, including both human and plant pathogens, this lack of resolution was not surprising. 
Research by O’Donnell et al. (2013) suggests that it is necessary to use multiple genes such as 
RPB1 and RPB2 along with TEF 1-α to allow for a better phylogenetic analysis of these 
complexes. By including these sequences in further analyses, a more complete phylogenetic 
analysis of these isolates can be achieved. 
High levels of cyst and lesion nematodes were isolated from many fields in this study. In 
this study, higher cyst nematode populations were reported from fields with soybean residues 
present, as compared to fields with wheat or corn residues, indicating that these populations are 
likely SCN juveniles and were likely a result of the previous soybean crop. However, the high 
lesion nematode populations in several of the fields in this study were of greater interest because 
of the potential for root wounding and yield damage. Lesion nematodes wound root tissue and 
may allow fungi and other pathogens to easily penetrate and infect the roots. Several Fusarium 
species isolated in this study may have been impacted by the high lesion nematode populations 
that were detected in many fields. Fusarium acuminatum and species in the F. incarnatum-
equiseti species complex are considered to be secondary pathogens and generally follow root 
wounding or other root infections. A study by Taheri et al. (1994) found that there is a 
relationship between lesion nematode populations and Fusarium infection in wheat roots. 
Hajihassani et al. (2013) also indicated that the severity of Fusarium root infections increased 
under the presence of lesion nematode populations, thereby increasing the potential for the 
Fusarium species that were recovered in this study to contribute to yield reductions. 
Fusarium sporotrichoides is generally not associated with root colonization, but is 
commonly found in conjunction with crop debris. The wounds that may have developed from 
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lesion nematode feeding may serve as a means for this fungus to colonize wheat roots (Taheri et 
al. 1994). In this study, there was no apparent relationship between lesion nematode populations 
and residue presence. Contrary to the results found in this study, Govaerts et al. (2006) found 
that higher populations of Pratylenchus species were observed under continuous corn, and that 
tillage and residue management strongly influenced the yield, root rot incidence, and nematode 
populations in corn and wheat fields. Since cropping history and tillage information were not 
reported in this study, inferences about the impacts of cropping rotation on nematode populations 
could not be made. Further research is needed to determine the impacts of nematode populations 
on root diseases in Illinois winter wheat. 
Overall, the Fusarium isolates recovered in this study indicate that the pathogens 
commonly associated with FRR and FCR worldwide, F. culmorum and F. pseudograminearum, 
are not currently present at detectable levels in Illinois wheat plants. It can be suggested that 
these pathogens may not be of primary concern in Illinois. Both of these species favor water 
stressed environments (Cook 2010), much like those that are found in the Pacific Northwest and 
Australia. Illinois is not known to frequently undergo seasonal water stress over years; rather this 
region is characterized by adequate rainfall and high humidity, especially in the summer 
(Changnon et al. 2004). These conditions may not be favorable for F. pseudograminearum and 
F. culmorum infection. However, they are conducive to F. graminearum growth and 
proliferation. Fusarium graminearum can be associated with these diseases, but it is more 
commonly associated with FHB in the Midwestern United States (Cook 2010). 
The composition of Fusarium species associated with root and crown infection and in the 
soil vary from year to year as environmental conditions and residues change (Cook 1980; Leslie 
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et al. 1990; Smiley and Patterson 1996; Bateman and Murray 2001; Pettitt and Parry 2001; 
Fernandez and Jefferson 2004; Martinelli et al. 2004). The Fusarium species recovered in this 
study could potentially become aggressive root rot pathogens if environmental conditions 
become conducive. Climatic changes over the past half century have resulted in shifts in species 
and isolate dominance worldwide for many diseases associated with the Fusarium species 
isolated in this study (Waalwijk et al. 2003; Martinelli et al. 2004; Ward et al. 2008; Audenaert et 
al. 2009). Although Fusarium root infection in wheat is currently asymptomatic in the 
aboveground plant parts, further research into the economic impacts of the presence of these 
Fusarium species in root infections is necessary. The knowledge of the Fusarium species present 
in winter wheat roots in Illinois is a vital first step to providing adequate management strategies 
to prevent yield reductions and reduce the potential of straw mycotoxin accumulation in winter 
wheat cultivars. 
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Tables 
Table 5.1. Field site identification codes by region with their respective counties and residue 
presence.  
Field ID Region County Residue a 
N1b North Grundy Soy 
N2b North Grundy Corn 
N3 North Kendall Soy 
N4 North Kendall Soy 
N5 North Kane Soy 
N6 North Kane Soy 
N7 North McHenry Soy 
N8 North McHenry Soy 
N9 North DeKalb Soy 
N10 North Boone Soy 
N11 North Warren Soy 
N12 North Mercer Corn 
C1 Central Vermillion Corn 
C2 Central Vermillion Soy 
C3 Central Shelby Soy 
C4 Central Shelby Unknown 
C5 Central Livingston Corn 
C6 Central Livingston Soy 
C7 Central Woodford Corn 
C8 Central Woodford Corn 
C9 Central Champaign Unknown 
C10 Central Champaign Soy 
C11 Central Adams Soy 
C12 Central Adams Corn and Soy 
C13 Central Cass Corn 
C14 Central Cass Soy 
C15b Central Menard Unknown 
C16bc South Cumberland Wheat 
a Field residue and elevation information was absent at several locations 
b Fields with no Fusarium isolates recovered 
c Site S11 was renamed C16. No Fusarium isolates were recovered from this location 
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Table 5.1 (continued). 
Field ID Region County Residuea Elevationa 
S1 South Effingham None 567 
S2 South Effingham Unknown 469 
S3 South Bond Wheat 480 
S4 South Bond Corn 434 
S5 South Washington Corn 328 
S6 South Washington Corn 439 
S7 South St. Clair Soy 192 
S8 South St. Clair Unknown 476 
S9 South Madison Unknown 506 
S10 South Madison Corn 288 
S12b South Jasper Corn 437 
S13 South Richland Corn 358 
S14b South Edwards Unknown 369 
S15 South White Corn 296 
S16b South White None 275 
S17b South Gallatin None 322 
S18 South Saline None 355 
a Field residue and elevation information was absent at several locations 
b Fields with no Fusarium isolates recovered 
c Site S11 was renamed C16. No Fusarium isolates were recovered from this location 
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Table 5.2. The number and percentage of Fusarium isolates by species recovered in Illinois and the isolates recovered in each 
respective region.  
Species # isolates Total 
Percent 
Total 
# isolates 
North 
Percent 
North 
# isolates 
Central 
Percent 
Central 
# isolates 
South 
Percent 
South 
Fusarium acuminatum 96 60.8 29 74.4 38 66.7 29 46.8 
Fusarium graminearum 17 10.8 3 7.7 9 15.8 5 8.1 
Fusarium sporotrichoides 16 10.1 0 0.0 0 0.0 16 25.8 
Fusarium incarnatum-equiseti 9 5.7 1 2.6 3 5.3 5 8.1 
Fusarium oxysporum 5 3.2 2 5.1 2 3.5 1 1.6 
Fusarium tricinctum 5 3.2 1 2.6 2 3.5 2 3.2 
Fusarium solani 4 2.5 0 0.0 2 3.5 2 3.2 
Fusarium verticilloides 3 1.9 3 7.7 0 0.0 0 0.0 
Fusarium proliferatum 2 1.3 0 0.0 0 0.0 2 3.2 
Fusarium fujikuroi 1 0.6 0 0.0 1 1.8 0 0.0 
Total 158  39  57  62  
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Table 5.3. Nematode populations and number of Fusarium isolates by field site. Nematode populations reported were based on counts 
of vermiform nematodes. 
Field ID Residue Lesion (Pratylenchus spp.) 
Spiral (Helicotylenchus 
spp.) 
Cyst Nematodes†  
(Heterodera spp.) 
Stunt  
(Tylenchorhychus spp.) # Fusarium isolates 
N1 Soy Low Low High - 0 
N2 Corn Moderate Low High - 0 
N3 Soy Low Low High - 3 
N4 Soy Moderate Low High - 5 
N5 Soy Moderate Low - - 3 
N6 Soy Low Low Low - 5 
N7 Soy - Low High - 6 
N8 Soy Low Low High Low 2 
N9 Soy Low Low - - 4 
N10 Soy - Low - - 5 
N11 Soy Low Low High - 3 
N12 Corn Low Low - - 1 
C1 Corn Moderate Low - - 7 
C2 Soy - Low Low - 7 
C3 Soy Low - - Low 4 
C4 Unknown Low Low High - 4 
C5 Corn Low - - - 3 
C6 Soy - Low High - 11 
C7 Corn Low Low - - 3 
C8 Corn Low Low - - 2 
C9 Unknown Low Low - - 2 
C10 Soy Moderate Low High - 3 
C11 Soy Low Low High - 3 
C12 Corn + Soy High Low - Low 1 
C13 Corn Low Low - - 6 
C14 Soy High Low - - 1 
C15 Unknown High Low - Low 0 
C16 Wheat Low Low - Low 0 
† Cyst nematode counts did not include eggs or cysts. 
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Table 5.3 (continued). 
Field ID Residue Lesion (Pratylenchus spp.) 
Spiral (Helicotylenchus 
spp.) 
Cyst Nematodes†  
(Heterodera spp.) 
Stunt  
(Tylenchorhychus spp.) # Fusarium isolates 
S1 None Low Low High - 3 
S2 Unknown Moderate Low Moderate Low 6 
S3 Wheat Low Low Moderate Low 6 
S4 Corn Moderate Low - - 5 
S5 Corn - - - Low 5 
S6 Corn Low Low Moderate Low 5 
S7 Soy - Low High - 6 
S8 Unknown Moderate Low - - 6 
S9 Unknown Low Low - Low 8 
S10 Corn Low - Moderate Low 5 
S12 Corn High - High - 0 
S13 Corn High Low Moderate Low 2 
S14 Unknown Moderate Low High Low 0 
S15 Corn Moderate Low - Low 4 
S16 None Low Low - Low 0 
S17 None Moderate Low - - 0 
S18 None Low Low High - 1 
† Cyst nematode counts did not include eggs or cysts. 
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Figures 
Figure 5.1. Survey locations were spread across the state of Illinois. Each location and the 
location ID is shown. 
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Figure 5.2. Percent of Fusarium isolates by species in the northern region (A), central region 
(B), and southern region (C). Fusarium acuminatum, Fusarium graminearum, Fusarium 
sporotrichoides, and the Fusarium incarnatum-equiseti complex are listed separately. The other 
species collected are listed as Fusarium spp. 
B 
C 
A 
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Figure 5.3. The phylogenetic tree constructed of all of the Fusarium isolates collected in this 
study. Bootstrap values greater than or equal to 75% are shown.  
 
† Circles represent the central region, squares represent the southern region, and diamonds 
represent the northern region. 
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Figure 5.3 (continued). 
‡ Red represents members of the Fusarium tricinctum complex with shaded shapes representing 
Fusarium acuminatum and unshaded shapes representing Fusarium tricinctum and the red 
triangle the reference sequence Fusarium acuminatum (GQ505420). Blue represents the 
Fusarium sambucinum complex with shaded shapes representing Fusarium graminearum and 
unshaded shapes representing Fusarium sporotrichoides. The blue shaded triangle represents the 
reference sequence for Fusarium graminearum (AF212459) and the blue unshaded triangle 
represents the reference sequence for Fusarium sporotrichoides (GQ915514). Green represents 
the Fusarium incarnatum-equiseti complex with the green triangle representing the reference 
sequence for the Fusarium incarnatum-equiseti species complex (GQ505600). Dark purple 
represents the Fusarium solani complex with the dark purple triangle representing the reference 
sequence for the Fusarium solani species complex (FJ240351). Light purple represents the 
Fusarium oxysporum complex with the light purple triangle representing the reference sequence 
for the Fusarium oxysporum species complex (AF008479). Black represents species in the 
Gibberella fujikuroi complex with the unshaded black triangle representing the reference 
sequence for Fusarium verticilloides (AF160262) and the shaded triangle representing the 
reference sequence for the Gibberella fujikuroi species complex (Record #2727). Black shaded 
shapes representing either Fusarium fujikuroi or Fusarium proliferatum and unshaded shapes 
representing Fusarium verticilloides. 
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Figure 5.4. The phylogenetic tree constructed of all of the Fusarium isolates collected in this 
study. Bootstrap values greater than or equal to 75% are shown. 
 
† Circles represent the central region, squares represent the southern region, and diamonds 
represent the northern region. 
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Figure 5.4 (continued). 
‡ Blue represents the Fusarium sambucinum complex with shaded shapes representing Fusarium 
graminearum and unshaded shapes representing Fusarium sporotrichoides. The blue shaded 
triangle represents the reference sequence for Fusarium graminearum (AF212459) and the blue 
unshaded triangle represents the reference sequence for Fusarium sporotrichoides (GQ915514). 
Green represents the Fusarium incarnatum-equiseti complex with the green triangle representing 
the reference sequence for the Fusarium incarnatum-equiseti species complex (GQ505600). 
Dark purple represents the Fusarium solani complex with the dark purple triangle representing 
the reference sequence for the Fusarium solani species complex (FJ240351). Light purple 
represents the Fusarium oxysporum complex with the light purple triangle representing the 
reference sequence for the Fusarium oxysporum species complex (AF008479). Black represents 
species in the Gibberella fujikuroi complex with the unshaded black triangle representing the 
reference sequence for Fusarium verticilloides (AF160262) and the shaded triangle representing 
the reference sequence for the Gibberella fujikuroi species complex (Record #2727). Black 
shaded shapes representing either Fusarium fujikuroi or Fusarium proliferatum and unshaded 
shapes representing Fusarium verticilloides. 
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